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(54) Plasma processing apparatus provided with microwave applicator having annular 
waveguide and processing method 



(57) A plasma processing apparatus is disclosed 
which comprises a container which can be evacuated; a 
gas supply means for supplying a gas to the inside of 
the container; and a microwave supply means for sup- 
plying microwaves to generate a plasma in the con- 
tainer, the plasma being utilized to process an article, 
wherein the microwave supply means is a microwave 
applicator which is provided with an annular waveguide 
having a planar H-plane with a plurality of slots provided 
apart from each other and a rectangular cross section 
perpendicular to the traveling cfirection of microwaves 
and which supplies microwaves to the inside of the con- 
tainer through a dielectric window of the container from 
the plurality of slots provided in the planar H-plane, and 
wherein the gas supply means is provided a gas emis- 
sion port through which the gas is emitted toward the 
planar H-plane. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention s 

The present invention relates to a plasma process- 
ing apparatus for applying plasma processing to an arti- 
cle to be processed (hereinafter, simply referred to as 
"article" as occasion demands) using microwaves, and w 
more particularly to a microwave applicator having an 
annular (or circular) waveguide, a plasma processing 
apparatus provided therewith, a microwave applicator 
having a multiple annular waveguide, and a plasma 
processing apparatus provided therewith. is 

Related Background Art 

As plasma processing apparatuses that use micro- 
waves as an excitation source for plasma generation, so 
there have been known the plasma polymerizing appa- 
ratus, the CVD apparatus, the surface modifying appa- 
ratus, the etching apparatus, the ashing apparatus, and 
the cleaning apparatus and the like. 

The CVD using such a so-called microwave plasma 25 
processing apparatus is carried out, for example, as fol- 
lows. A gas is introduced into a plasma generation 
chamber and/or a fDm formation chamber of a micro- 
wave plasma CVD apparatus, and a microwave energy 
is simultaneously applied to generate a plasma in the 30 
plasma generation chamber to excite and/or decom- 
pose the gas, thereby forming a deposited fDm on an 
article to be processed disposed in the plasma genera- 
ti n chamber or f 3m formation chamber. Further, a sim- 
ilar method can be used to carry out plasma 3s 
polymerization of an organic substance or surface mod- 
ification such as oxidation, nrtridation or f luorination. 

Furthermore, the etching using a microwave 
plasma etching apparatus is carried out for example, as 
follows. An etchant gas is introduced into a processing 40 
chamber of the apparatus, and a microwave energy is 
simultaneously applied to excite and/or decompose the 
etchant gas to generate a plasma in the processing 
chamber, thereby etching the surface of an article to be 
processed cfisposed in the processing chamber. 45 

In addition, the ashing using a microwave plasma 
ashing apparatus is carried out for example, as follows. 
An ashing gas is introduced into a processing chamber 
in the apparatus, and a microwave energy, is simultane- 
ously applied to excite and/or decompose the ashing so 
gas in order to generate a plasma in the processing 
chamber, thereby ashing the surface of an article to be 
processed, namely a photoresist disposed in the 
processing chamber. As with the ashing, it is possible to 
effect cleaning for removing unwanted matter deposited ss 
on a to-be-processed surface of an article to be proc- 
essed. 

In the microwav plasma processing apparatus, 



since microwaves ar used as a gas excitation source, 
electrons can be accelerated by an electric field having 
a high frequency, thereby efficiently ionizing and excite 
gas molecules. Thus, the microwave plasma processing 
apparatus is advantageous in that th efficiency of ioni- 
zation, excitation, and decomposition of a gas is high, 
so that a high density plasma can relatively easily be 
formed, thereby enabling fast processing at a low tem- 
perature to provide high quality. In addition, since the 
microwaves have a property of penetrating a cfieiectric 
member, the plasma processing apparatus can be con- 
stituted as a electrodeless discharge type, whereby 
highly dean plasma processing can be carried out. 

To increase the processing speed of the microwave 
plasma processing apparatus, plasma processing 
apparatuses using electron cyclotron resonance (ECR) 
have been put to practical use. The EC R is a phenome- 
non in which when the magnetic flux density is 87.5 mT, 
the electron cyclotron frequency for electrons rotating 
around the magnetic One of force is brought into con- 
formity with the general frequency of the microwaves of 
2.45 GHz, whereby the electrons resonantly absorb 
microwaves to be accelerated, thereby generating a 
high density plasma. As to such an ECR plasma 
processing apparatus, the following four typical configu- 
rations for a microwave introducing means and a mag- 
netiofieW generating means are known. 

In a first configuration (i), microwaves propagated 
via a waveguide are introduced into a cylindrical plasma 
generation chamber from a surface opposed to an arti- 
cle to be processed through a transmissive window, and 
a divergent magnetic field coaxial with the central axis 
of the plasma generation chamber is introduced via an 
electromagnetic coil provided at the periphery of the 
plasma generation chamber. In a second configuration 
(iQ. microwaves transmitted via a waveguide are intro- 
duced into a bell-shaped plasma generation chamber 
from a surface opposed to an article to be processed, 
and a magnetic field coaxial with the central axis of the 
plasma generation chamber is introduced via an elec- 
tromagnetic coil provided at the periphery of the plasma 
generation chamber. In a third configuration (iii), micro- 
waves are introduced into a plasma generation cham- 
ber from its periphery via a coil that is a kind of a 
cylindrical dot antenna, and a magnetic field coaxial 
with the central axis of the plasma generation chamber 
is introduced via an electromagnetic coil provided at the 
periphery of the plasma generation chamber. In a fourth 
configuration (iv), microwaves transmitted via a 
waveguide are introduced into a cylindrical plasma gen- 
eration chamber from a surface opposed to an article to 
be processed via a planar slot antenna, and a loop-like 
magnetic field parallel to the antenna plane is intro- 
duced via a permanent magnet provided on the rear 
surface of the planar antenna (planar slot antenna 
method). 

Further, U.S. Pat. No 5,034,086 discloses a 
plasma processing apparatus using a radial line slot 



2 



3 



EP 0 880 164 A1 



4 



antenna (RLSA). 

In addition, Japanes Patent Application Laid-Open 
No. 5-290995, U.S. Pat No. 5.359.177, and EP 
0564359 disclose a plasma processing apparatus using 
an annular waveguide with terminals. 

Separately, as an example of a microwave plasma 
processing apparatus, there has recently been pro- 
posed an apparatus using an annular waveguide in 
which a plurality of slots are formed on an inner side 
surface thereof as a device for uniform and efficient 
introduction of microwaves (Japanese Patent Applica- 
tion Laid-Open No. 5-345982; U.S. Pat No. 5,538.699). 

This microwave plasma processing apparatus is 
shewn in FIG. 29 and a microwave supply means 
thereof is shown in FIG. 28. 

Reference numeral 501 designates a plasma gen- 
eration chamber; 502 is a dielectric window that sepa- 
rates the plasma generation chamber 501 from the 
atmosphere; 503 is a slotted endless annular 
waveguide with a cylindrical external shape for supply- 
ing microwaves to the plasma generation chamber 501 ; 
505 is a plasma-generating gas supply means; 51 1 is a 
processing chamber connected to the plasma genera- 
tion chamber 501 ; 512 is an article to be processed; 513 
is a support for the article 512; 514 is a heater for heat- 
ing the article 512; 515 is a processing gas supply 
means; 516 is an exhaust port; 521 is a block that dis- 
tributes microwaves to the right and left; and 522 is a 
slot provided in a curved surface 523. In addition, 524 is 
a diaphragm and 525 is a microwave introducing port 

The generation of a plasma and the processing are 
carried out as follows. 

The inside of the plasma generation chamber 501 
and the processing chamber 511 is evacuated via an 
exhaust system (not shown). Subsequently, a plasma 
generating gas is introduced into the plasma generation 
chamber 501 at a predetermined flow rate via the gas 
supply port 505. 

Then, a conductance valve (not shown) provided in 
the exhaust system (not shown) is adjusted to retain the 
inside of the plasma generation chamber 501 at a pre- 
determined pressure. A desired power is supplied to the 
inside of the plasma generation chamber 501 from a 
microwave power source (not shown) via the annular 
waveguide 503. 

On this occasion, the microwaves introduced into 
the annular waveguide 503 are distributed to the right 
and left by the distributing block 521 and propagate 
through the waveguide at a guide wavelength longer 
than a free-space wavelength. The microwaves are sup- 
plied from the slots 522 provided at an interval of 1/2 or 
1/4 of the guide wavelength, through the dielectric win- 
dow 502 to the plasma generation chamber 501 to gen- 
erate a plasma 527. 

At this time, when a processing gas has been sup- 
plied into the processing chamber 51 1 via the process- 
ing gas supply pipe 515, th processing gas is excited 
by the high density plasma as generated to process a 



surface of the article to be processed 512 put on the 
support 513. 

Since the us of such a microwave plasma 
processing apparatus can general a high density, low 

5 potential plasma of a unrformrry within ±3%, an electron 
density lO^/cm 3 or more, an electron temperature 3eV 
or less, and a plasma potential 20V or less in a space of 
a diameter of about 200 mm at a microwave power of - 
1 kW or more, the gas can fully be reacted and supplied 

w in an active state to the article to be processed and the 
surface damage due to incident ions of the article to be 
processed can be reduced, thereby enabling high qual- 
ity and high speed processing even at low tempera- 
tures. 

is However, when the microwave plasma processing 
apparatus that generates a high density, low potential 
plasma as shown in FIGS. 28 and 29 is used to effect 
processing in a high pressure region at 100 mTorr 
(about 13.3322 Pa) or more, as in the case of the ashing 

20 processing, the diffusion of plasma is suppressed, so 
that the plasma may locally exist in the periphery of the 
chamber to reduce the processing speed for the center 
portion of the article to be processed. 

Further. Japanese Patent Application Laid-Open 

25 No. 7-90591 discloses a plasma processing apparatus 
using a disc-like microwave introducing device. In this 
apparatus, a gas is introduced into a waveguide and 
emitted toward a plasma generation chamber through 
slots provided in the waveguide. In this apparatus, in 

30 order to prevent a plasma from being generated in the 
waveguide, the gas supply pressure, the conductance 
in the waveguide, the conductance of the slots, the 
exhaust pressure, and the like must be adjusted pre- 
cisely. It is thus very difficult to design an apparatus that 

35 can be commonly used for any one of the CVD, etching, 
ashing, and so on the optimal pressures for which are 
different from one another. 

In addition, for the processing of the surfaces of a 
12-inch wafer (also called "300 mm wafer") of a cfiame- 

40 ter 305 mm, a glass substrate of an area equivalent 
thereto, and the like as required in recent years, a layer 
of a high density plasma is needed which is uniform, of 
a large area, and thin. 

To provide such a plasma layer, the configuration of 

45 a gas supply means and/or the configuration of a micro 
wave supply means need to be further improved. 

SUMMARY OF THE INVENTION 

so A first object of the present invention is to provide a 
plasma processing apparatus and method that can per- 
form various higher-quality plasma processing of higher 
quality at lower temperatures. 

A second object of the present invention is to 

55 improve a gas supply means and to therefore provide a 
plasma processing apparatus and method that can gen- 
erate a layer of a high density plasma which is uniform, 
of a large area, and thin, even when the processing is 
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carried out in a region of a relatively high pressure. 

A third object of the present invention is to provid 
a microwave applicator of a simple and inexpensiv 
structure that can provide various microwave radiant 
intensity distributions. s 

A fourth object of the present invention is to improve 
a microwave supply means and to therefore provide a 
microwave applicator and a plasma processing appara- 
tus and method that can generate a layer of a high den- 
sity plasma which is uniform, of a large area, and thin. 10 

A fifth object of the present invention is to provide a 
microwave applicator and a plasma processing appara- 
tus and method that can plasma-process a large area 
article to be processed equivalent to a wafer of a diam- 
eter of 300 mm or mora is 

The gist of the present invention resides in a micro- 
wave applicator having a slot provided in the plane of an 
annular waveguide and a plasma processing apparatus 
and method using the sama 

According to a first aspect of the present invention, 20 
there is provided a plasma processing apparatus com- 
prising a container which can be evacuated; a gas sup- 
ply means for supplying a gas to the inside of the 
container; and a microwave supply means for supplying 
microwaves to generate a plasma in the container, the 25 
plasma being utilized to process an article, wherein the 
microwave supply means is a microwave applicator 
which is provided with an annular waveguide having a 
planar H-plane with a plurality of slots provided apart 
from each other and a rectangular cross section per- 30 
pendicular to the traveling direction of microwaves and 
which supplies microwaves to the inside of the container 
through a dielectric window of the container from the 
plurality of slots provided in the planar H-plane, and 
wherein the gas supply means is provided a gas emis- 35 
son port through which the gas is emitted toward the 
planar H-plane. 

This configuration can generate a uniform, large- 
area, and low-temperature plasma even at a relatively 
high pressure, whereby a large-area article to be proc- 40 
essed equivalent to a 8-inch or more wafer can be proc- 
essed. 

According to a second aspect of the present inven- 
tion, there is provided a microwave applicator which is 
provided with an annular waveguide having a plane with 45 
a plurality of slots provided apart from each other and a 
rectangular cross section perpendicular to the traveling 
direction of microwaves and which supplies microwaves 
to the outside of the annular waveguide from the plural- 
ity of slots provided in the plane, wherein an assembly so 
comprising a conductive member having an annular 
recessed portion and a microwave introducing port 
formed therein and a plate-like conductive member hav- 
ing the plurality of slots formed therein forms the annu- 
lar waveguide in which the plane with the plurality of 55 
slots forms an H-plane. 

This configuration enables a low-cost and highly 
universal microwave applicator to be manufactured. 



According to a third aspect of the present invention, 
there is provided a plasma processing apparatus com- 
prising a container which can be evacuated; a gas sup- 
ply means for supplying a gas to the inside of the 
container; and a microwave supply means for supplying 
microwaves to generat a plasma in the container, th 
plasma being utilized to process an article, wherein the 
microwave supply means is a microwave applicator 
which is provided concentrically with a plurality of annu- 
lar waveguides each having a planar H-plane with a plu- 
rality of slots provided apart from each other and a 
rectangular cross section perpendicular to the traveling 
direction of microwaves and which supplies microwaves 
to the inside of the container through a dielectric window 
of the container from the plurality of slots provided in the 
planar H-plane of each of the plurality of annular 
waveguides. 

This configuration can generate a uniform, large- 
area, and low-temperature plasma regardless of flow of 
the gas, whereby a large-area article to be processed 
equivalent to a 1 2-inch or more wafer can be processed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic view showing the main com- 
ponents of a plasma processing apparatus accord- 
ing to a preferred embodiment of this invention; 
FIG. 2 is a schematic view showing a vertical cross 
section of the plasma processing apparatus 
according to the preferred embodiment of this 
invention; 

FIGS. 3 A, 3B and 3C are schematic views showing 
the propagation and radiation of microwaves in a 
microwave applicator according to this invention; 
FIGS. 4A and 4B are schematic views shewing the 
locations of slots, gas emission ports, and an article 
to be processed in the plasma processing appara- 
tus according to this invention; 
FIGS. 5 A, 5B and 5C are schematic views showing 
a microwave applicator according to another 
embodiment of this invention; 
FIGS. 6A and 6B are schematic views shewing 
another microwave applicator used in this invention; 
FIGS. 7A, 7B and 7C are plan views showing con- 
figurations of slots used in this invention; 
FIG. 8 is a schematic view showing an example of 
arrangement of another type of slots used in this 
invention; 

FIGS. 9A and 9B are schematic views showing con- 
figurations of gas supply means used in this inven- 
tion; 

FIG. 10 is a view showing a flowchart of a plasma 
processing method according to this invention; 
FIG. 11 is a schematic view showing another 
plasma processing apparatus according to this 
invention; 

FIG. 12 is a schematic view showing still another 
plasma processing apparatus according to this 



4 



7 



EP 0 880 164 A1 



8 



invention; 

FIG. 13 is a schematic view showing yet another 
plasma processing apparatus according to this 
invention; 

FIG. 14 is a schematic view showing yet still s 
another plasma processing apparatus according to 
this invention; 

FEG. 15 is a schematic view showing ye* again 
another plasma processing apparatus according to 
this invention; 10 
FIG. 16 is a schematic view shewing an appear- 
ance and a cross section of the microwave applica- 
tor; 

FIG. 17 is a schematic view shewing a cross sec- 
tion of a microwave introducing section of the is 
microwave applicator; 

FIG. 18 is a schematic view showing a slotted H 
plane of the microwave applicator; 
FIGS. 19A, 19B and 19C are schematic views 
showing a microwave applicator according to so 
another embodiment of this invention; 
FIG. 20 is a schematic view showing a microwave 
applicator according to another embodiment of this 
invention and a plasma processing apparatus using 
the applicator; 25 
FIG. 21 is a schemata view showing an example of 
a layout of slots used for multiple annular 
waveguides accord ng to another embodiment of 
this invention; 

FIGS. 22A, 22B, 22C and 22D are schematic views 30 
showing various structures of a microwave tistrib- 
uting and introducing means used in this invention; 
FIG. 23 is a graph showing changes in microwave 
radiant intensity vs. the tilt angle of a distrfcutor; 
FIG. 24 is a schematic view of another plasma 35 
processing apparatus according to this invention; 
FIG. 25 is a schematic view of yet another plasma 
processing apparatus according to this invention; 
FIG. 26 is a schematic view of still another plasma 
processing apparatus according to this invention; 40 
FIG. 27 is a schematic view of yet still another 
plasma processing apparatus according to this 
invention; 

FIG. 28 is a schematic horizontal sectional view of 
a conventional microwave applicator; and 45 
FIG. 29 is a schematic longitudinal sectional view of 
a conventional microwave plasma processing 
apparatus. 

DETAILED DESCRIPTION OF THE PREFERRED so 
EMBODIMENTS 

FIG. 1 shows the main components of a plasma 
processing apparatus according to a preferred embodi- 
ment of this invention. ss 

Reference numeral 1 designates a container (or 
vessel) which can be evacuated. The internal pressur 
of the container can be reduced.; 2 is a holding means 



for holding an article to be processed; 3 is a microwave 
supply means (also referred to as "microwave applica- 
tor" or "microwave antenna") for supplying microwaves 
used to generate a plasma in th container 1; 4 is a die- 
lectric window; and 7tsa gas supply means for supply- 
ing a gas to the inside of th container 1. 

FIG. 2 is a sectional view of a plasma processing 
apparatus configured using the components shown in 
FK3.1. 

The microwave applicator 3 is provided with an 
annular or circular waveguide 3a having an H-plane 3c 
with a plurality of slots 3b provided apart from each 
other and having a rectangular cross section perpendic- 
ular to the direction in which microwaves travel (the 
direction perpendicular to the drawing of FIG. 2). 

Microwaves as introduced into the microwave appli- 
cator 3 through a microwave introducing port 1 3, propa- 
gate through the annular waveguide 3a after having 
their course changed by a distributor 10 such as an E 
branching block. 

The annular waveguide 3a has a shape that 
appears to be formed by bending an E-plane of a single 
rectangular waveguide and connecting the both ends to 
each other. 

While propagating and traveling through the annu- 
lar waveguide 3a. the microwaves are radiated through 
the plurality of slots 3b provided in the bottom H-plane 
3a 

The microwaves radiated through the slots 3b are 
transmitted through the dielectric window 4 located 
below the microwave applicator 3 and are supplied to 
the plasma generation space 9 in the container 1 . 

The plasma generation space 9 in the container 1 
has its pressure reduced through exhaust by an exhaust 
means (not shown) in communication with an exhaust 
passage 8. In addition, a gas is emitted to the plasma 
generation space 9 through gas emission ports 7a of 
the gas supply means 7. 

Consequently, the microwaves supplied to the 
plasma generation space 9 generate a glow discharge, 
thereby causing the component molecules of the gas to 
be ionized or converted into active species. Plasma 
generated appears like a donut below the slots or a 
layer (a disc) continuing from the bottom face of the H- 
plane. 

The gas emission ports 7a of the gas supply means 
7 are adapted to direct the gas toward the H-plane 3c of 
the annular waveguide 3a of the microwave applicator 
3. 

Thus, the gas emitted through the gas emission 
ports 7a advances to the vicinity of the center O of the 
microwave applicator 3 via a hig^i density plasma region 
below the slots 3b. 

Consequently, active species or ions of the gas are 
sufficiently supplied to the vicinity of the center O of the 
space 9 at which no slot 3b exists. 

As a result, plasma processing can be uniformly 
applied to the whole of the to-be-processed surface of 
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an article to be processed W. 

FIGS. 3A to 3C are schematic views deserving the 
propagation of microwaves through the annular 
waveguide of the microwave applicator and th radia- 
tion of microwaves through the slots. 

FIG. 3A shows the annular waveguide as seen from 
above, FIG. 3B shows a cross section taken along line 
3B - 3B, and FIG. 3C shows a cross section taken along 
line 3C - 3C. 

The microwaves introduced through the microwave 
introducing port 13 have their course changed so as to 
fork clockwise cfe and counterclockwise d 1a Each slot is 
prarided so as to cross the microwave traveling direc- 
tions d 1 and 6% so that the microwaves travel while 
being emitted through the slots. 

Since the annular waveguide has no terminals and 
is endless, the microwaves, which propagate in the 
directions d 1 and d^ interfere mutually to generate 
standing waves of a predetermined mode. Reference 
numeral 3g denotes an annulus (ring) formed by con- 
necting width-wise centers of the waveguide, and the 
standing waves can be generated more easily by setting 
the length of this ring, that is, the drcurnferential length 
at an integral multiple of the guide wavelength (wave- 
length in waveguide). 

FIG. 3B shows a surface perpendicular to the 
microwave traveling direction. In this figure, the upper 
and bottom surfaces 3c of the waveguide form H-planes 
perpendicular to the direction of electric field EF, while 
the right and left surfaces 3d of the waveguide form E 
planes parallel to the cfirection of the electric field EF. 
Thus, the cross section of the waveguide that is perpen- 
dicular to the microwave traveling direction is rectangu- 
lar. 

Microwaves MW introduced into the annular 
waveguide 3a through the microwave introducing port 
13 are distributed by the distributor 10 to the right and 
left of the drawing and propagate at a guide wavelength 
longer than the wavelength in the free space. Reference 
symbol EF indicates electric-field vectors perpendicular 
to both the microwave traveling directions and the H- 
planes of the waveguide 3a. For example, leakage 
waves EW racfiated through the dielectric window 4 from 
the slots 3b provided at an interval equal to 1/2 or 1/4 of 
the guide wavelength generate a plasma P1 near the 
slots 3b. In addition, microwaves, which are incident at 
the angle of polarization or more relative to a straight 
line perpendicular to an inner surface 524S of the die- 
lectric window 4, are entirely reflected from the inner 
surface 524S and propagate over the inner surface 
524S of the dielecb'c window as surface waves SW. The 
surface waves SW filter through the dielectric window 
as an electric field to also generate plasma P2. 

Thus, the gas is excited by the hig^i density plasma 
as generated to process the surface of the article to be 
processed W. 

Since the use of such a plasma processing appara- 
tus can generate a high density, low potential plasma of 



a uniformity within ±3%, an electron density 10 12 /cm 3 or 
more, an electron temperatur 3 V or less, and a 
plasma potential 20V or less in a larg diameter space 
of a diameter of 300 mm or mor at a microwave power 

5 of -1 kW or more, the gas can fully be reacted and sup- 
plied in an active state to the articl to be processed. 
Furthermore, when the pressure is 2.7 Pa and the 
microwave power is 2 kW, any current due to the micro- 
waves cannot be detected at a location apart by 8 to 10 

w mm away from the inner surface of the dielectric win- 
dow. This indicates the formation of a very thin plasma 
layer. Thus, the surface damage due to incident ions of 
the article to be processed can be reduced, thereby 
enabling high quality and high speed processing even at 

15 lew temperatures. 

FIGS. 4A and 4B show the positions of the slots 
and gas emission ports of the microwave applicator and 
the position of the article to be processed. 

Reference symbol Iw indicates the distance from 

20 one end of the article to be processed W to the other 
end thereof (the interval in the direction parallel with the 
. H-plane), and corresponds to the aperture of a disc- 
shaped article to be processed such as an Si wafer. For 
an 8-inch wafer, Iw is about 200 mm. For a square arti- 

25 cle to be processed such as a glass substrate, Iw corre- 
sponds to its side length, that is, its vertical or horizontal 
length. 

In FIG. 4A, Ig is the distance from one of the gas 
emisston ports to the other opposed to it (the interval in 
30 the direction parallel to the H-plane), and is longer than 
the distance Iw. 

Reference symbol Is indicates the length of a single 
slot, and Iso indicates the distance from the external 
end of one of the slots to the external end of the other of 
35 the slots existing at a position opposed to the above one 
slot (the interval in the direction parallel to the H-plane), 
and meets the relationship Iso « Ig. 

Further, in the embodiments of this invention, it is 
more preferable to meet the relationship ^ < I2 in the 
40 direction perpendicular to the H-plane having the slots 
provided. 

Here, Ij indicates the distance from the bottom 
(inner) surface of the dielectric window immecfiatery 
below the slots to the gas emission ports 7a (the interval 
45 in the normal direction). 

Reference symbol indicates the distance from the 
gas emission ports 7a to the to-be-processed surface of 
the article to be processed W (the interval in the normal 
direction). 

50 Thus, by setting the positions of the gas emission 
ports closer to the dielectric window 4 than to the article 
to be processed W in this manner, the gas excitation or 
decomposition efficiency can be further improved. 
As with FIG. 4A, FIG. 4B shows the positions of the 
55 slots and gas emission ports of the microwave applica- 
tor and the position of the articl to be processed, that 
is, shows a variation of the example of FIG. 4A. 

Reference symbol Iw indicates the distance from 
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one end of the article to be processed W to the other 
end thereof, and corresponds to the apertur in case of 
a disc-like article to be processed such as an Si wafer. 
For a 12-inch wafer, Iw is about 300 mm. For a squar 
article to be processed such as a glass substrate, Iw 5 
corresponds to its side length, that is, its vertical or hor- 
izontal length. 

Reference Symbol Ig is the distance from one of the 
gas emission ports to the other opposed to it, and is 
shorter than the distance Iw. 10 

These settings allow the emitted gas to easily flow 
to reach the vicinity of the center O via an area located 
immediately below the slots and having a high plasma 
density. 

Reference symbol Is indicates the length of a singe is 
slot, and Iso indicates the distance from the external 
end of one of the slots to the external end of the other 
one of the slots existing opposed to the above one slot, 
and meets the relationship Iso < Ig. 

In the embodiments of this invention, it is morepref- 20 
eraUe to meet the relationship^ <l 2 in the direction per- 
pendicular to the H-plane in which the slots are 
provided. 

Here, Ij indicates the distance from the bottom 
(inner) surface of the dielectric window immediately 25 
below the slots to the gas emission ports 7a 

Reference symbol l 2 incficates the distance from the 
gas emission ports 7a to the tt^be-processed surface of 
the article to be processed W. 

By setting the positions of the gas emission ports 30 
closer to the dielectric window 4 than to the article to be 
processed W in this manner, the gas excitation or 
decomposition efficiency can be further improved. 

In particular, apparatuses that meet the relationship 
in FIG. 4B are more suitable for the processing of large- 35 
area articles to be processed such as wafers of 300 mm 
or more diameter or substrates equivalent thereto than 
those which meet the relationship in FKa. 4A. 

(Microwave supply means) 40 

The microwave supply means preferably used for 
this invention is an annular waveguide (annular hollow 
waveguide) having a rectangular cross section and a 
plurality of slots in the H-plane, as shown in FIGS. 1,2 45 
and 3A to 3C. More preferably, it is desired to be end- 
less. 

Although the example of FIG. 1 is shaped like a ring 
by bending a rectangular waveguide to be annular, the 
microwave supply means used in this invention may so 
have a disc-like outline as shown in FIGS. 5A to 5C. 

FIGS. 5A to 5C show a microwave applicator 
according to another embodiment of this invention. 

The microwave applicator of FIGS. 5A to 5C is an 
assembly (or buiftup member) of a first conductive 55 
member 32 in which an endless annular recessed por- 
tion 33 and an opening forming the microwave introduc- 
ing port 13 are formed, and a second conductiv 



member 31 which is shaped like a relatively thin disc 
and in which a plurality of slots 3b ar formed. 

FIG. 5A shows a cross section, FIG. SB shows the 
first conductive member 32, and FIG. 5C shows the 
second conductive member 31 . 

By configuring the H-plane having the slots 3b 
therein to be detachable, the following effects can be 
obtained. 

By producing beforehand a plurality of types of sec- 
ond conductive members 31 having different slot 
shapes, sizes, numbers, distributions, and so on, the 
second conductive member 31 can be replaced by an 
appropriate one depending on the required microwave 
radiant intensity or plasma processing. This serves to 
increase the degree of freedom of design of the micro- 
wave applicator and enables it to be produced with low 
costs. 

Of course, the disc-like second conductive member 
31 can be shaped like a donut by cutting its center out 
along a broken line DL 

The second conductive member 31 is assembled in 
such a way as to be sandwiched by the first conductive 
member 32 and the dielectric window described above. 

FIGS. 6A and 6B show another microwave supply 
means used in this invention. FIG. 6A shows a longitu- 
dinal sectional view and FIG. 6B shows a horizontal 
sectional view taken along line 6B-6B in FIG. 6A. 

The microwave applicator 3 has a rectangular 
annular (or circular) waveguide 3a with chamfered cor- 
ners as shown in FIG. 6B, and is preferred for works 
such as glass substrates for flat panel displays or image 
sensors, rectangular substrates, or web substrates for 
solar cells. 

In this microwave applicator 3, microwaves intro- 
duced through a rectangular waveguide 5 have their 
course changed by the distributor 10 so as to travel 
clockwise cfe and counterclockwise dj while being emit- 
ted through slots 3b provided in an H-plane 3a 

While traveling in the respective directions dj and 
dg, the microwaves interfere with each other and atterv 
uate. Once the propagation of the microwaves through 
the waveguide 3a has stabilized, standing waves are 
generated in the waveguide 3a. 

The microwaves radiated through the slots 3b are 
transmitted through a dielectric window 4 to be suppfied 
to the plasma generation space in a container 1 based 
on the principle described above with reference to 
FIGS. 3 A to 3C. 

In the container 1, a gas is emitted through gas 
emission ports 7a provided obliquely, which is excited 
immediately below the dielectric window 4 and then 
flows as shown by arrows GF in the drawing. 

As the material of the member constituting the 
annular waveguide used for the microwave plasma 
processing apparatus according to this invention 
described above, any conductor may be used, but an 
optimal material is stainless steel plated with Al, Cu, or 
Ag/Cu that has a high conductivity in order to minimize 
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the propagation loss of microwaves. The introducing 
port for the annular waveguide used in this invention 
may be of the type that is provided inth H-planesothat 
microwaves are introduced perpenticularly to the H- 
plane and distrftxrted at the introducing section to the 
right and left ejections relative to the microwave propa- 
gation space as long as it can efficiently introduce 
microwaves into the microwave propagation space in 
the annular waveguide. However, microwaves can be 
introduced in a tangential direction relative to the propa- 
gation space which is parallel to the H-plana 

The shapes of the slots used in this invention may 
be any one of a rectangle, an ellipse, an S-shape, a 
cross, an array, or the like as long as the lengths of the 
slots in the direction perpendicular to the microwave 
propagation direction is 1/4 or more of the wavelength in 
the waveguide (the guide wavelength). Although an 
optimal slot interval in this invention is not particularly 
limited, it is desirable to arrange the slots at an interval 
of at least 1/2 of the guide wavelength so that the elec- 
tric fields crossing the slots intensify each other by inter- 
ference. Especially, 1/2 of the guide wavelength is 
optimal. The slot is preferably a long opening, for exam- 
ple, one which is 1 to 10 mm wide and 40 to 50 mm 
long. It is also preferable to arrange the slots radially 
with regard to the center of the ring. 

A specific example is described with reference to 
the drawings. 

FIGS. 7A to 7C show the shapes of various slots 
used for the microwave supply means accorting to this 
invention. 

FIG. 7A shows slots of length t) the longitudinal 
direction of which intersects the microwave traveling 
direction d 1 (dg) and which are mutually separated at a 
pitch Ip. 

FIG. 7B shows slots that intersect the microwave 
traveling direction 6^ (cy at a tift angle 6, that have a 
component I] perpendcutair to the traveling direction d 1 
(da) , and that are mutually separated at a pitch l p 

FIG. 7C shows S-shaped slots. 

The slot arrangement interval, that is, pitch Ip is 
preferably 1/2 or 1/4 of the wavelength in the waveguide 
(the guide wavelength), as described above. 

The length of the slot I, in the direction perpendicu- 
lar to the microwave traveling direction is preferably 
within the range of 1/4 to 3/8 of the guide wavelength. 

In addition, all slots need not be cfisposed at an 
equal interval, for example, a pitch of 1/2 or 1/4 of the 
guide wavelength, but groups of slots disposed at an 
equal pitch may be provided at an interval longer than 
1/2 of the guide wavelength, as shown in FIG. 8. 

The broken line 3g in the figure is an annulus (ring) 
formed by connecting the width-wise centers of the 
annular waveguide together, and it is preferable Jthat the 
circumferential length of this ring is an integral multiple 
of the guide wavelength. 

In addition, in order to improve the uniformity of the 
microwave racfiant intensity, it is preferable that the sup- 



plied microwaves have such a power as to allow the 
microwaves to propagate through the annular 
waveguid oneormor rounds, more preferably, two or 
mor rounds. In this case, th distributor 10 may be 
5 omitted. 

(Dielectric window) 

The shape and material of the dielectric window 
10 used in this invention are those which can transmit 
microwaves of 0.8 to 20 GHz but do not transmit any 
gas. 

The shape of the dielectric window may be disc-like 
or donut-like one that singly covers the whole of the 

75 underside of the H-plane as shown in FIG. 1, otherwise 
the dielectric window may be provided in plurality corre- 
sponding to the respective slots so as to close only the 
slot portions. However, in order to facilitate the assem- 
bly of the vacuum container and to increase the degree 

20 of freedom of the design of the slots, the cfielectric win- 
dow is more preferably configured as a plate-like mem- 
ber common to the respective slots. 

As the dielectrics used in the present microwave 
plasma processing apparatus and method, there can be 

25 included silicon oxide based quartz (silica), various 
glasses, and inorganic substances such as S13N4, 
NaCI. KCI, UF, CaF 2 , BaF 2 , AI2Q3, A1N, and MgO. but : 
fflms or sheets of organic substances such as polyethyl- 
ene, polyester, polycarbonate, cellulose acetate, poly- 

30 propylene, polyvinyl chloride, polyvinylidene chloride, 
polystyrene, potyamide, and polyimide are also applica- 
ble. Particularly, plate-like dielectrics comprised of 
quartz, alumina or the like are preferably used. 

35 (Container) 

As the container (vessel) used in the present inven- 
tion, containers the - inner pressure of which can be 
evacuated to a pressure below the atmospheric pres- 

40 sure, in order to substitute the gas therein or to generate 
a plasma therein. 

The member constituting the container is made of a 
conductor such as aluminium, stainless steel, etc., an 
insulator such as quartz, silicon carbide, etc., or a com- 

45 bination of a conductive member and an insulating 
member. 

If the insulator is used, it may be integrated with the 
dielectric window to constitute the container. 

In addition, the inner surface of a conductive con- 
50 tainer may be covered with an insulating f Dm. 

The container is configured so that the internal 
pressure thereof can be reduced down to at least 0.1 
mTorr (about 1.33 x tor 2 Pa). 

55 (Gas supply means) 

As the gas supply means used in this invention, 
those which are provided with emission ports through 
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which a gas is emitted toward the H-plan of the micro- 
wave supply means, tt is desirable that a gas emission 
path communicating with the gas emission port be 
formed perpendicularly or obliquely to the H-plane. 

The gas emission port may be either a plurality of s 
openings provided apart from one another along the 
annular waveguide as shown in FIG. 1 or a slit provided 
along the annular waveguide as shown in FIG. 9A. 

Alternatively, as shown in FIG. 9B, the gas supply 
means may be a plurality of gas supply pipes each hav- w 
ing a gas emission port 

It is more preferred that the positions of the gas 
emission ports in the direction parallel to the H-plane be 
set as shown in FIGS. 4A and 4B, which facilitates uni- 
form processing in a large area. 15 

The gas supply means is connected to a gas bomb 
or a vaporizer via a mass flow controller, valves, joints, 
or the like (not shewn). 

The holding means fa holding an article to be proc- 
essed may have a planar holding surface or may hold 20 
the article at several points using pins or the like. The 
holding surface or points may be composed of various 
materials such as a conductor, an insulator and so on. 

The holding means may further be provided with a 
heating or cooling means. 25 

A configuration having liftable lift pins to facilitate 
carrying in and carrying out of the article to be proc- 
essed is also preferable as the holding means. 

In addition, it is also preferable to provide a bias 
application means in the holding means in order to con- 30 
tro) the movement and positions of particles in plasma, 
whereby a DC or AC bias can be applied to the article to 
be processed. 

In the present microwave plasma processing appa- 
ratus and method, a magnetic field generating means 35 
may be used for processing at a lower pressure. As the 
magnetic field used in the present plasma processing 
apparatus and method, although the mirror magnetic 
field is applicable, the magnetron magnetic field is opti- 
mal which generates a loop magnetic field on a curve 40 
connecting the centers of the plurality of slots of the 
annular waveguide together and has a larger magnetic 
flux density in a magnetic field in the vicinity of the slots 
than in a magnetic field in the vicinity of the article to be 
processed. As the magnetic field generating means, 45 
permanent magnets as well as coils may be used. 
When a coil is used, another cooling means such as a 
water- or air-cooling mechanism may be used to prevent 
overheating. 

In addition, in order to further improve the quality of so 
the processing, the surface of the article to be proc- 
essed may be irradiated with ultraviolet light. As the light 
source, those which can radiate a light that is absorbed 
by the article to be processed or the gas adhering 
thereto, and it is appropriate to use exctmer lasers and ss 
lamps that us a dimer such as ArF, KrF, XeCI, etc., rar 
gas resonance line tamps, low-pressure mercury lamps, 
and the like. 



In this invention, it is preferable to use a plasma 
generator such as magnetron to generate microwaves 
of a frequency selected from the range of 0. 8 GHz to 20 
GHz, and a tuner, an isolator, a mode converter, and so 
on may be provided to the plasma generator to propa- 
gate and supply microwaves of a predetermined mod 
to the microwave applicator. 

As the microwaves introduced into the introducing 
port of the microwave applicator, microwaves of TE 
mode are preferably used, and particularly microwaves 
of TEno or Hon mode (n is a natural number) are more 
preferably introduced. 

Thus, in the annular waveguide, electric field vec- 
tors of the microwaves are perpendicular to the plane 
with the slots, which forms the H-plane. 

In the annular waveguide 3a, the microwaves prop- 
agate in TE 10 (Hot) mode. However, since there is a 
case where standing waves may be finally generated, 
the propagation mode of the microwaves in the 
waveguide 3a in this case can also be considered to be 
a different moda 

Next, the present processing method is described. 

First, the container 1 is opened, an article to be 
processed is placed on the holding means 2, and the 
container 1 is closed (step S1 in FIG. 10). 

Then, the internal pressure of the container 1 is 
reduced from the atmospheric pressure down to about 
1.3 Pa or less using a vacuum pump (not shown) (step 

2 in FIG. 10). 

Next, the gas is emitted to the inside of the con- 
tainer 1 through the gas emission ports 7a of the gas 
supply means 7 (step S3 in FIG. 10). 

After the pressure in the container 1 has stabilized, 
a microwave oscillator (not shown) is turned on to gen- 
erate microwaves, which are supplied to the inside of 
the container 1 using the microwave introducing means 

3 according to this invention (step S4 in FIG. 10). 

Plasma emission is observed through a monitoring 
window provided as required in the container 1 . 

After the predetermined processing time has 
elapsed, the supply of the microwaves is slopped (step 
S5 in FIG. 10). 

The gas in the container 1 is substituted by nitro- 
gen, Ar, He, Ne, or clean air for purging to return the 
internal pressure thereof to the atmospheric pressure 
(step S6 in FIG. 10). 

Then, the container 1 is opened, and the article to 
be processed is carried out (step S7 in FK3. 10). 

The above mentioned processing may be carried 
out repeatedly per one article to be processed. 

The internal pressure of the plasma processing 
chamber according to the present microwave plasma 
processing method can be selected within a range of 
from 0.1 mTorr (about 0.133 Pa) to 10 Torr (about 1 ,330 
Pa); more preferably, from 1 mTorr (about 0.133 Pa) to 
100 mTorr (about 13.3 Pa) for CVD, plasma polymeriza- 
tion, or surtac modification; from 0.5 mTorr (about 
0.067 Pa) to 50 mTorr (about 6.67 Pa) for etching; and 
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from 100 mTorr (about 13.3 Pa) to 10 Ton* (about 1 ,330 
Pa) for ashing. Further, in the case of cleaning, a range 
from 0.067Pa to 13.3 Pa is preferred. 

In formation of a deposited fflm according to the 
present micrcwave plasma processing method, suitable s 
selection of the gases used enables efficient formation 
of various deposited films such as an insulating film of 
SiaN* Sipg, T^O^ T10 2 , TIN, AI2O3, AIN, MgF 2 , AIF 3 , 
etc.; a semiconductor fflm of a-Si (amorphous silicon), 
poly-Si (polysiiicon), SiC, QaAs f etc. ; and a metallic film 10 
of Al, W, Ma Ti, Ta. etc.; and TIN, TiW, TiSiN, or the like. 

An article 112 to be processed by the present 
plasma processing method may be semiconducting, 
conductive or insulating. Further, the surface thereof 
itself may be a semiconductor, an insulator, a conductor, is 
or a composite thereof. 

As the conductive article to be processed, there 
can be included metals such as Fe, Ni, Cr, Al, Ma Au, 
Nb, Ta. V, Ti. Pt, Pb, etc., and alloys thereof such as 
brass, stainless steel, etc. 20 

As the insulating article to be processed, there can 
be included SiC^-based quartz; various glasses; inor- 
ganic substances such as S13N4, NaCI, KCJ, LiF, CaF 2 . 
BaF 2 , AJ2O3, AIN, MgO, eta; and films or sheets of 
organic substances such as polyethylene, polyester, 2s 
polycarbonate, cellulose acetate, polypropylene, polyvi- 
nyl chloride, polyvinylidene chloride, polystyrene, pofya- 
mkJe, pdyimide, eta 

As the gases used in the case of forming a thin film 
on an article to be processed by the CVD process, spe- 30 
cifically when a thin film of an Si-based semiconductor 
such as a-Si, poly-Si, or SiC, there can be included 
those which are in a gaseous state at ordinary temper- 
ature and pressure or which are gassified easily, for 
example, inorganic silanes such as S1H4 or Si 2 H6; & 
organic silanes such as tetraethytsilane (TES), tetrame- 
thyteilane (TMS), cfimethytsilane (DMS), dimethyldifluor- 
osilane (DMDFS), or dimethyldichlorosflane (DMDCS); 
or halosilanes such as SiF 4 , Si2F 6 , S*3F 8 , SiHF 3 , 
SiHgFj,, SiCU. SigCfe SiHCb. Si^Cfe, SiHgCI. or 40 
Sid2F 2 . In addition, as an additional gas or a carrier 
gas that may be mixed with the Si material gas and 
introduced, there may be included hfe, He, Ne, Ar, Kr, 
Xe, and Rn. 

As the material containing Si atoms used for forma- 45 
tion of a thin film based on an Si compound such as 
S13N4 or SiOg, the following materials that maintain a 
gaseous state at ordinary temperature and pressure or 
that are gassified easily using a vaporizer or a bubbler 
can be used: inorganic silanes such as SiH 4 or Si 2 He; so 
organic silanes such as tetraetoxysilane (TEOS), 
tetrametoxysilane (TMOS), octamethylcyciotetrasilane 
(OMCTS), cfimethyWifluorosilane (DMDFS), or cfimeth- 
yldichlorosilane (DMDCS); or halosilanes such as SiF 4 , 
SfeFe, SiaFs, SiHF 3 , SiHgFs, Sid 4 . S^Cfe, SiHCfe, ss 
Sih^CI^ SiK^Q, or SiC^. In addition, as a nitrogen or 
an oxygen material gas that may be simultaneously 
introduced, ther can be included N 2 . NH3. Ngfy, hex- 



amethyldisilazane (HMDS), Og, 0 3 , HgO, NO, IS^O, 
NO2. and so on. 

The material containing metal atoms which is used 
to form a thin metal film such as of Al, W, Mp, TI, Ta, or 
TTW includes organic metals such as trimethyl alumin- 
ium (TMAI), tri ethyl aluminium (TEAI), triisobutyl alumin- 
ium (TIBAI), dimethyl aluminium hydride (DMAIH), 
tungsten carbonyl (W(CO)e), molybdenum carbonyl 
(Mo(CO)e), trimethyl gallium fTMGa), and tri ethyl gal- 
lium (TEGa); and halogenated metals such as AIQ3, 
WF 6> TICI3, and TaCk In this case, an additional or car- 
rier gas may be mixed with the above Si material gas. 
As the additional or carrier gas, H^ Ha Ne, Ar, Kr, Xe, 
Rn, and so on may be included. 

The material containing metal atoms which is used 
to form a thin metal compound fflm such as of AI2O3, 
AIN, T^0 5 . TiO* TiN, WO3, TiW, or TiSiN includes 
organic metals such as trimethyl aluminium (TMAI), trie- 
thyl aluminium (TEAI), triisobutyl aluminium (TIBAI), 
dimethyl aluminium hydride (DMAIH), tungsten carbonyl 
(W(CO)6), molybdenum carbonyl (Mo(CO)g), trimethyl 
gallium (TMGa), and tiethyi gallium (TEGa); and halo- 
genated metals such as AICI3, WF 6 , TiCt 3 , and TaCls. In 
this case, as an oxygen or a nitrogen material gas that 
may be simultaneously introduced includes O2. 03. 
HgO. NO, NgO, NO2. Ng. NH3, N2H 4 . and hexamethyfd- 
isilazane (HMDS). 

As the etching gas introduced through the process- 
ing gas introducing port 115 to etch the surface of an 
article to be processed, there may be included F 2 , CF 4 , 
CHgFa, CaFg, CF 2 CI 2 , SF 6 , NF 3 , Cl 2 , CCU. C^Cfe, 
C^CIcorthetike. 

As the ashing gas introduced through the process- 
ing gas introducing port 1 15 to remove organic compo- 
nents from the surface of an article to be processed 
such as a photoresist by means of ashing, there may be 
included 0 2 , 03, KfeO, NO, fSfeO, NO* and so on. 

Further, in the case of the cleaning, the etching or 
ashing gas Gsted above, or hydrogen gas or an inactive 
gas may be used. 

In addition, when the present microwave plasma 
processing apparatus and method is applied to surface 
modification, appropriate selection of the gas used ena- 
bles the oxidation or nitridation treatment of an article to 
be processed or a surface layer consisting of, a g., Si, 
Al, TI, Zn, or Ta or the doping treatment with B, As, or P. 
Furthermore, the fflm formation technique used in this 
invention can be applied to the cleaning process, as 
descrfoed above. In this case, it can be used to cleaning 
of oxides, organic substances, or heavy metals. 

As the oxidizing gas used for oxidation surface 
treatment of an article to be processed, there may be 
included 0 2 . O3, H2O. NO, NgO, NO*, or the like. In 
addition, the nitriding gas used to nitride the surface of 
the work includes hfe, NH3, r^Ht, and hexamethyldisila- 
zan (HMDS). 

In particular, as a cleaning/ashing gas that is intro- 
duced through a gas introducing port 105 when an 
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organic sii>stance on the surface of an article to be 
processed is cleaned or when an organic component on 
th surface of an articl to be processed, such as a pho- 
toresist is removed by ashing, Og» 03, H2O, NO, N2O, 
N0 2 , or the like may be included. In addition, as a clean- 
ing gas that is introduced through a gas introducing port 
105 when an inorganic substance on the surface of an 
article to be processed is cleaned, F 2 . CF4, CH2F2, 
C2F 6 , CF 2 a 2 ' SF 6 , NF 3l or the like may be included. 

In addition, the microwave power supplied from the 
microwave power source preferably has a sufficient 
value to allow the microwaves to propagate through the 
annular waveguide one or more rounds, more prefera- 
bly two or more rounds while being radiated through the 
slots, in order to improve the uniformity of the radiant 
intensity of the microwaves. In this case, it is desirable 
that no distributor be provided. 

(Example of a plasma processing apparatus) 

Specific examples of the present microwave 
plasma processing apparatus are described below. This 
invention, however, is not limited to these examples. 

(First plasma processing apparatus) 

A first specific example of the plasma processing 
apparatus according to this invention is as described 
above with reference to FIGS. 1 and 2. 

(Second plasma processing apparatus) 

An example of the present microwave plasma 
processing apparatus which uses a two-way distribu- 
tive, interfering, plate-like, slotted annular waveguide is 
descrbed with reference to FIG. 11. Reference numeral 
1 09 designates a plasma generation chamber in a con- 
tainer 1 01 ; 1 04 is a dielectric window that separates the 
plasma processing chamber 109 from the atmosphere; 
103 is a microwave supply means for supplying micro- 
waves to the inside of the plasma generation chamber 
109; 105 is a rectangular waveguide for introducing 
microwaves into an annular waveguide 1 03b with a pla- 
nar, slotted H-plane; 103a is a waveguide forming a 
microwave propagating space of a rectangular cross 
section for propagating microwaves in the microwave 
supply means 103; 103b is a slot through which micro- 
waves are introduced; W is an article to be processed; 
102 is a holding means; 114 is heater as a heating 
means; 107 is a gas supply means; and 108 is an 
exhaust port 

In this plasma processing apparatus, the gas sup- 
ply system has at least a gas source 21 such as a gas 
bomb, vaporizer or bubbler, a valve 22, and a mass flow 
controller 23 that controls the amount of a gas supplied 
to the plasma generation chamber. 1 09. Then, the gas is 
emitted through gas emission ports 107a inclined 
ipward. 



In addition, the gas exhaust system has at least an 
exhaust conductance control valve 26, an opening/clos- 
ing valv 25, and a vacuum pump 24, and the exhaust 
conductance control valve 26 controls th pressure 
5 inside the plasma generation chamber 109 during 
processing. 

Reference numeral 6 denotes a microwave power 
source, which has a microwave oscillator such as a 
magnetron further provided with adjustment means 
10 such as a tuner, an isolator, or a mode converter as 
required. 

The generation of a plasma and the processing are 
carried out as follows. The article to be processed W is 
put on the article holding means 102 and is heated to a 

is desired temperature using a heater 114. The inside of 
the plasma generation chamber 109 is evacuated via an 
exhaust system (not shown). Subsequently, a plasma 
processing gas is introduced at a predetermined flow 
rate into the plasma generation chamber 109 via the 

20 gas supply means 107. Then, a conductance valve (not 
shown) provided in the exhaust system (not shown) is 
adjusted to maintain the inside of the plasma generation 
chamber 109 at a predetermined pressure. A desired 
power from a microwave power source (not shown) is 

25 introduced into the annular waveguide 103 through the 
waveguiding pipe 105 in TE 10 mode. The introduced 
microwaves are divided into two by a distributor 1 10 and 
then propagate through the space 103a. The micro- 
waves as divided into two interfere with each other to 

30 generate standing waves. The microwaves strengthen 
an electric field that cross the slots 103b at every period 
of 1/2 of the guide wavelength, and are then supplied to 
the plasma generation chamber 109 via the slots 103b 
through the dielectric window 104. The electric field of 

35 the microwaves supplied to the inside of the plasma 
generation chamber 109 accelerate electrons to gener- 
ate a plasma P at for example, the upper part of the 
plasma processing chamber 109. At this point the 
processing gas is exerted by the high density plasma as 

40 generated to process the surface of the article to be 
processed W put on the hokfing means 102. 

The cfieiectric window 104 is formed of a plate-like 
synthetic quartz of a diameter 299 mm and a thickness 
12 mm. The planar, slotted anniiar waveguide 103 has 

45 a 27 mm x 96 mm inner wall cross section and a central 
diameter of 202 mm and can propagate microwaves of 
TE 10 mode. As the material of the planar, slotted annu- 
lar waveguide 103, Al is used entirely in order to sup- 
press the propagation loss of microwaves. In the H- 

50 plane of the planar, slotted annular waveguide 103, are 
formed slots to introduce microwaves into the plasma 
generation chamber 109. The shape of the is a rectan- 
gle of 42 mm in length and 3 mm in width and the slots 
are formed radially at an interval of 1/2 of the guide 

55 wavelength. Although the guide wavelength depends on 
the frequency of microwaves used and th size of th 
cross section of the waveguide, the use of microwaves 
of a frequency 2.45 GHz and a waveguide of the abov 
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mentioned size provides a guid wavelength of about 
159 mm. In the planar, slotted annular waveguide 103 
used above, eig^rt (8) slots 103b are formed at an inter- 
val of about 79.5 mm. To the planar, slotted annular 
waveguide 103, ar connected a 4E tuner, a directional 
coupler, an isolator, and a microwave power source (not 
shown) of frequency 2.45 GHz in this order so that 
microwaves of TE 10 mode are introduced. 

The microwave plasma processing apparatus 
shown in FIG. 11 was used to generate a plasma under 
the conditions of an Ar flow rate of 500 seem, pressures 
of 10 mTorr and 1 Torr, and a microwave power of 1.5 
kW, and the plasma obtained was measured. The 
plasma was measured as follows using a single probe 
method. The voltage applied to the probe was varied 
within a range of -50 V to +100 V, and a current flowing 
through the probe was measured by an l-V measuring 
apparatus. The electron density, the electron tempera- 
ture and the plasma potential were calculated from the 
thus obtained l-V curve by the Langmuir method. As a 
result, the electron density was 1.3 x lO^/cm 3 ± 2.1% 
(within a 4 200 surface) at 10 mTorr and 7.2 x lO^/cm 3 
± 5.3% (within a <(> 200 surface) at 1 Torr, and it was con- 
firmed that a high density, uniform plasma was formed 
even in a high pressure region. 

(Third plasma processing apparatus) 

An example of the present microwave plasma 
processing apparatus which uses a tangential introduc- 
tion type, planar, slotted annular waveguide is descrbed 
with reference to FIG. 12. Reference numeral 109 des- 
ignates a plasma generation chamber; 104 is a dielec- 
tric window that separates the plasma processing 
chamber 109 from the atmosphere; 103 is a microwave 
supply means for supplying microwaves to the plasma 
generation chamber 109; 205 is an introducing section 
provided on the E-plane on the outer circumference of 
the planar slotted annular waveguide 103 for introduc- 
ing microwaves; 103a is a microwave propagating 
space of a rectangular cross section for propagating 
microwaves in the planar slotted annular waveguide 
103; 103b is slots provided in the H-plane of the planar 
slotted annular waveguide 103 to radiate microwaves; 
102 is a means for holding the article to be processed 
W; 1 14 is heater to heat the article W; 1 07 is a process- 
ing-gas introducing means; and 1 08 is an exhaust port 

In this plasma processing apparatus, the gas sup- 
ply system has at least a gas source 21 such as a gas 
bomb, vaporizer or bubbler, a valve 22, and a mass flow 
controller 23 that controls the amount of a gas supplied 
to the plasma generation chamber 109. The gas is emit- 
ted toward the dielectric window from gas emission 
ports 107a inclined upward. 

In addition, the gas exhaust system has at least an 
exhaust conductance control valv 26, an opening/clos- 
ing valve 25, and a vacuum pump 24, and the exhaust 
conductance control valve 26 controls th pressur 



inside the plasma generation chamber 109 during 
processing. 

Reference numeral 6 denotes a microwav power 
source, which has a microwave oscillator such as a 
5 magnetron further provided with adjustment means 
such as a tuner, an isolator, or a mode converter as 
required. 

The plasma processing is carried out as follows. 
The article to be processed W is put on the article 

10 holding means 1 02 and is heated to a desired tempera- 
ture using a heater 144. The inside of the plasma gen- 
eration chamber 109 is evacuated via an exhaust 
system (not shown). Subsequently, a plasma process- 
ing gas is introduced at a predetermined flow rate into 

is the plasma generation chamber 109 via the processing 
gas emission ports 107a. Then, a conductance valve 
(not shown) provided in the exhaust system (not shown) 
is adjusted to maintain the inside of the plasma genera- 
tion chamber 109 at a predetermined pressura A 

20 desired power from a microwave power source (not 
shown) is introduced into a planar slotted annular 
waveguide 203 through an introducing section 205. The 
introduced microwaves of TE 10 mode are supplied to 
the inside of the plasma generation chamber 109 

25 through the dielectric window 104 via the slots 103b 
formed at an interval of 1/2 of the guide wavelength. 
Microwaves that have propagated through the 
waveguide 103 one round without being supplied to the 
chamber 109 interfere with microwaves newly intro- 

30 duced through the introducing section 105 to strengthen 
each other, and most of the microwaves are supplied to 
the inside of the plasma generation chamber 1 09 before 
they have propagated through the waveguide several 
rounds. The electric field of the supplied microwaves 

35 accelerate electrons to generate a plasma P in the 
upper part of the plasma generation chamber 109. At 
this point the processing gas is excited by the high den- 
sity plasma as generated to process the surface of the 
article to be processed W put on the holding means 

40 102. 

The dielectric window 104 is a plate of synthetic 
quartz of a diameter 299 mm and a thickness 16 mm. 
The planar slotted annular waveguide 103 is the same 
asdescrbed above and has a rectangular cross section 

45 of an inner-wall cross section size of 27 x 96 mm and a 
central diameter of 202 mm. As the material of the pla- 
nar slotted annular waveguide 103, Al is used entirely in 
order to suppress the propagation loss of microwaves. 
In the H-plane of the planar slotted annular waveguide 

so 103, are formed slots to introduce microwaves into the 
plasma generation chamber 1 09. The shape of the slots 
is a rectangle of 42 mm in length and 3 mm in width and 
the slots are formed radially at an interval of 1/2 of the 
guide wavelength. Although the guide wavelength 

55 depends on the frequency of microwaves used and the 
size of th cross section of the waveguide, th use of 
microwaves of a frequency 2.45 GHz and a waveguide 
of the above mentioned size provides a guid wave- 
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length of about 159 mm. In the planar, slotted annular 
waveguide 103 used above, eight (8) slots are formed at 
an interval of about 79.5 mm. To th planar, slotted 
annular waveguide 103, are connected a 4E tuner, a 
directional coupler, an isolator, and a microwave power 5 
source (not shown) of frequency 2.45 GHz in this order. 

The microwave plasma processing apparatus 
shown in FIG. 12 was used to generate a plasma under 
the concfitions of an Ar flow rate of 500 seem, pressures 
of 10 mTorr and 1 Torr, and a microwave power of 1.5 10 
kW, and the plasma obtained was measured. The 
plasma was measured as follows using a singe probe 
method. The voltage applied to the probe was varied 
within a range of -50 V to +1 00 V, and a current flowing 
through the probe was measured by an l-V measuring is 
apparatus. The electron density, the electron tempera- 
ture and the plasma potential were calculated from the 
thus obtained l-V curve by the Langmuir method. As a 
result, the electron density was 1.8 x 10 12 /cm 3 ± 2.3% 
(within a 4> 200 surface) at 10 mTorr and 7.7 x lO^/cm 3 20 
±5.6% (within a $200 surface) at 1 Torr, and it was con- 
firmed that a high density, uniform plasma was formed 
even in a high pressure region. 

(Fourth plasma processing apparatus) 2s 

An example of the present microwave plasma 
processing apparatus which uses an RF bias applica- 
tion mechanism is descrfred with reference to FIG. 13. 
Reference numeral 109 designates a plasma genera- 30 
tion chamber; 104 is a dielectric window that separates 
the plasma processing chamber 109 from the atmos- 
phere; 103 is a microwave supply means for supplying 
microwaves to the plasma generation chamber 109; 
102 is a means for holding the article to be processed 35 
W; 114 is heater for heating the article to be processed; 
107 is a gas supply means; 108 is an exhaust port; and 
302 is an RF bias application means. 

In this plasma processing apparatus, the gas sup- 
ply system has at least a gas source 21 such as a gas 40 
bomb, vaporizer or bubbler, a valve 22, and a mass flow 
controller 23 that controls the amount of a gas supplied 
to the plasma generation chamber 109. The gas is 
obliquely emitted upward to the dielectric window 104 
through gas emission ports 1 07a inclined upward. 45 

In addition, the gas exhaust system has at least an 
exhaust conductance control valve 26, an opening/clos- 
ing valve 25, and a vacuum pump 24, and the exhaust 
conductance control valve 26 controls the pressure 
inside the plasma generation chamber 109 during so 
processing. 

Reference numeral 6 denotes a microwave power 
source, which has a microwave oscillator such as a 
magnetron further provided with adjustment means 
such as a tuner, an isolator, or a mode converter as ss 
required. 

The generation of a plasma and th processing are 
earned out as follows. The article to be processed W is 



putonth article holding means 102 and is heated to a 
desired temperature using the heater 1 14. The inside of 
the plasma generation chamber 1 09 is evacuated via an 
exhaust system (24 to 26). Subsequently, a plasma 
processing gas is introduced at a predetermined flow 
rate into the plasma generation chamber 109 using the 
gas supply means 107. Then, the conductance control 
valve 26 provided in the exhaust system (24 to 26) is 
adjusted to maintain the inside of the plasma generation 
chamber 109 at a predetermined pressure. The RF bias 
application means 302 is used to supply an RF power to 
the holding means 102, while a desired power from a 
microwave power source 6 is introduced into the plasma 
generation chamber 109 through the dielectric window 
104 via slots 103b of the microwave supply means 103. 
The electric field of the microwaves supplied to the 
inside of the plasma generation chamber 109 acceler- 
ate electrons to generate plasma in the plasma genera- 
tion chamber 109. At this time, the processing gas is 
excited by the high density plasma generated to proc- 
ess the surface of the article to be processed W put on 
the holding means 102. In addition, the RF bias can be 
used to control the kinetic energy of ions incident to the 
article to be processed. 

(Fifth plasma processing apparatus) 

An example of the present microwave plasma 
processing apparatus which uses a cooling means is 
descrfced with reference to FIG. 14. Reference numeral 
109 designates a plasma generation chamber; 104 is a 
dielectric window that separates the plasma generation 
chamber 109 from the atmosphere; 203 is a microwave 
supply means for supplying microwaves to the plasma 
generation chamber 109, which consists of a planar, 
slotted, endless annular waveguide; 102 is a means for 
holding the article to be processed W; 414 is cooler for 
cooling the article to be processed; 107 is a gas supply 
means; 108 is an exhaust port; and 302 is an RF bias 
application means. 

In this plasma processing apparatus, the gas sup* 
ply system has at least a gas source 21 such as a gas 
bomb, vaporizer or bubbler, a valve 22, and a mass flow 
controller 23 that controls the amount of a gas supplied 
to the plasma generation chamber 109. The gas is emit- 
ted obliquely upward from gas emission ports 107a. 

In addition, the gas exhaust system has at least an 
exhaust conductance control valve 26, an opening/clos- 
ing valve 25, and a vacuum pump 24, and the exhaust 
conductance control valve 26 controls the pressure 
inside the plasma generation chamber 109 during 
processing. 

Reference numeral 6 denotes a microwave power 
source, which has a microwave oscillator such as a 
magnetron further provided with adjustment means 
such as a tuner, an isolator, or a mode converter as 
required. 

The cooling means 414 is provided with a heat pipe 
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417 having an introducing pipe 415 that introduce a 
refrigerant and a discharg pipe 41 6 that discharges the 
refrigerant 

The heat generated by the etching or sputtering 
phenomenon of the article to be processed W is emitted s 
outside by the heat pipe 417. 

Although, in this plasma processing apparatus, the 
length of the slots of the microwave supply means 203 
made equal to the width (h) of the H-plane of the 
waveguide 203a, the length of the slots 203b may be 10 
shorter than the width (h) as with the slots of the micro- 
wave supply means in the above described embodi- 
ments. 

The generation of a plasma and the processing are 
earned out as follows. The article to be processed W is is 
put on the article holding means 1 02 and is cooled to a 
desired temperature using the cooler 414. The inside of 
the plasma generation chamber 108 is evacuated via an 
exhaust system (24 to 26). Subsequently, a plasma 
processing gas is supplied at a predetermined flow rate 20 
into the plasma generation chamber 109 using the gas 
supply means 107. Then, a conductance control valve 
26 provided in the exhaust system (24 to 26) is adjusted 
to maintain the inside of the plasma generation cham- 
ber 109 at a predetermined pressure. The RF bias 2s 
application means 302 is used to supply an RF power to 
the holding means 102, while a desired power from a 
microwave power source 6 is introduced into the plasma 
generation chamber 109 through the dielectric window 
104 via slots 203b of the microwave supply means 203. 30 
The electric field of the microwaves supplied to the 
inside of the plasma generation chamber 109 acceler- 
ate electrons to generate a plasma in the plasma 
processing chamber 109. At this time, the processing 
gas is excited by the high density plasma as generated 35 
to process the surface of the article to be processed W 
put on the holding means 102. In addition, the RF bias 
can be used to control the kinetic energy of ions incident 
to the article to be processed. Furthermore, the cooler 
414 can be used to control the overheating of the article 40 
to be processed caused by ion incidence when a Ngh 
density plasma and a high bias are used. 

FIG. 15 is a schematic sectional view showing a 
plasma processing apparatus of this invention. 

Reference numeral 1 designates a vacuum con- 45 
tainer which can house the article to be processed W 
therein and generate a plasma in the plasma generation 
chamber 9 and is of an atmosphere-open-type . 

Reference numeral 2 denotes an article-to-be proc- 
essed holding means for housing the article to be proc- so 
essed W in the vacuum container 1 and holding the 
article, which has lift pins 2a that can elevate and lower 
the article to be processed W. 

Reference numeral 3 indicates a microwave supply 
means for supplying microwave energy to generate a 55 
plasma in the vacuum container 1 . 

Reference numeral 4 designates a dielectric win- 
dow that seals th inside of the vacuum container 1 air- 



tight white passing microwaves through. 

Reference numeral 5 denotes a microwave 
waveguida 

Reference numeral 6 indicates a microwave power 
source. 

Reference numeral 7 designates a gas supply pas- 
sage for supplying a processing gas to be converted 
into a plasma by microwaves, which obliquely extends 
upward and has a gas emission port 7a at the end 
thereof. The gas supply passage communicates with a 
gas supply system similar to the gas supply system (21 
to 23) shown in FIGS. 11 to 14. 

Reference numeral 8 denotes an exhaust passage 
for exhausting the inside of the vacuum container 1 , and 
the exhaust passage communicates with an exhaust 
system similar to the exhaust system (24 to 26) shown 
in FIGS. 11 to 14. 

The plasma processing method by the apparatus . 
shown in FIG. 15 is descrfoed below. 

The processing gas is supplied from the gas supply 
passage 7 to the inside of the vacuum container 1, 
which has been pressure-reduced and exhausted to a 
predetermined pressure. 

The processing gas is emitted to the space 9 which 
forms a plasma generation chamber and then flows to 
the exhaust passage 8. 

On the other hand, microwaves generated by the 
microwave power source 6 are propagated via a coax- 
ial, cylindrical, or rectangular waveguide 5 and are sup- 
plied to the inside of the microwave supply means 3. 

The microwaves propagate in the endless annular 
waveguide 3a of the microwave supply means 3. 

Since longitudinal slots 3b crossing the traveling 
directions of the microwaves are provided in an H-plane 
3c of the endless annular waveguide 3a, the micro- 
waves are radiated toward the space 9 through the slots 
3b. 

The microwaves are supplied to the space 9 
through a microwave transmission window 4a 

The processing gas present in the space 9 is 
excited by the microwaves to generate a plasma R 

The surface of the article to be processed Wis sub- 
jected to a surface treatment using this plasma. The 
plasma P may be present only under the slots as shown 
in the f igire or may spread all over the bottom surface 
of the dielectric window 4, depending on the power of 
supplied microwaves and the pressure in the container. 

FIG. 16 is a schematic view showing the external 
appearance and cross section of the microwave appli- 
cator 3. 

FIG. 1 7 is a sectional view of the connecting section 
(introducing section) between the microwave applicator 
3 and the microwave waveguide 5. 

FIG. 18 shows the H-plane of the microwave appli- 
cator 3 in which the slots 3b are provided, as seen from 
below. 

Th microwave supply means 3 of the FIG. 15 is 
equivalent to a rectangular waveguide 3 that is bent like 
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a ring so that the E plan 3d of the rectangular 
waveguide forms a curved surface Thus, th two 
opposed H-planes ar present within one and the same 
plane, respectively. 

The microwaves, which have propagated through s 
the waveguide 5 in, for example, TE 10 mode, are distrib- 
uted in opposite directions by a microwave distributor 1 0 
such as an E branching block which is located at the 
connecting section. 

The microwaves propagate through the endless 10 
annular waveguide 3a while being emitted through the 
slots 3b extending in the direction crossing the traveling 
directions MD of the microwaves. 

Such a microwave supply means is called an planar 
slotted annular waveguide or a planar multi-slot antenna 75 
(PMA). 

In the endless annular waveguide 3a, the micro- 
waves travel and propagate while being attenuated due 
to the emission of their energy through the slots. Fur- 
thermore, since the traveling direction of the micro- 20 
waves is bidirectional, the traveling microwaves interfere 
with each other to radiate microwaves of a uniform 
intensity to the space 9. 

Then, another microwave applicator according to a 
preferred embodiment of this invention is described. 25 

FIG. 19A shows the appearance of the top surface 
of the microwave applicator 3, FIG. 19B shows its hori- 
zontal sectional view, and FIG. 19C shows its longitudi- 
nal sectional view. 

The microwave applicator 3 has a plurality of annu- 30 
lar waveguides 43 and 44 having different diameters. 

The outer annular waveguide 43 of a larger diame- 
ter is composed of an outer wall 49 forming an E plane, 
an inner wall 48 forming another E plane, a planar top 
wall 53 forming an H-plane, and a planar bottom wall 52 35 
forming another H-plana A plurality of slots 3b' are pro- 
vided in the bottom wall 52. 

The inner annular waveguide 44 of a smaller diam- 
eter is similarly composed of an inner-most wall 47 
forming an E plane, the inner wall 48, the top wall 53, 40 
and the bottom wall 52. A plurality of slots 3b are pro- 
vided in the bottom wall 52. 

The annular waveguides 43 and 44 have a similar 
configuration to the annular waveguide 3a (see FIG. 1 
and others) according to the above embodiments, and 45 
each have a rectangular cross section so as to propa- 
gate microwaves in TE mode, as shown in FIG. 19C. 

Reference numeral 54 designates a microwave 
introducing port to the outer annular waveguide 43 
which preferably has a rectangular cross section of the so 
same size as that of the cross section of the waveguide 
43. 

Reference numeral 55 designates a microwave 
introducing port to the inner annular waveguide 44 
which preferably has a rectangular cross section of the 55 
same size as that of the cross section of th waveguid 
44. 

Each waveguide is preferably annular and has no 



terminal planes. 

Although the exampl in FIG. 19 is configured by 
integrating the two waveguides together, individual 
annular waveguides may be concentrically arranged on 
a certain support base, a buittup member comprising a 
flat plate with slots and a component member having a 
plurality of annular grooves forming waveguides is appli- 
cable, as described above. 

When the microwave applicator is composed of the 
buiftup member, the flat plate with slots for the outer 
annular waveguide 43 may be separated from the flat 
plate with slots for the inner annular waveguide 44. Fur- 
ther, by preparing a large number of interchangeable 
flat plates with slots having different shapes, numbers, 
sizes, and distributions of slots as is the case with the 
embocfimerrt in FIGS. 5A to 5C, a microwave applicator 
suitable to a desired microwave radiant intensity distri- 
bution can be simply produced. 

The shape of the annular waveguides 43 and 44 is 
not limited to a circle such as shown in FIGS. 19A to 
19C, but it may be a rectangle as with the embodiment 
in FIGS. 6A and 6B, or a polygon or a star. 

The slots provided in the outer and the inner annu- 
lar waveguides 43 and 44 may have the same or differ- 
ent shapes, numbers, sizes, and distributions. Except 
for applications to special plasma processing, the appa- 
ratus can be designed more easily when the number of 
slots 3b of the inner waveguide 44 is smaller than that of 
the slots 3b' of the outer waveguide 43. 

To simplify the configuration of the apparatus so 
that it requires only a single microwave power source, 
an electromagnetic wave distribution and introducing 
means 56 is preferably arranged in the vicinity of the 
microwave introducing ports 54 and 55, and an H 
branching device is preferably added which is used to 
determine the distrfoution ratio of microwaves. 

Microwaves are introduced into the microwave 
introducing ports 54 and 55 in, for example, TE^ mode. 

The microwaves introduced into the annular 
waveguides 43 and 44 are each distrfouted in the oppo- 
site directions by the distributors 10 and propagate 
through the waveguides 43 and 44 clockwise and coun- 
terclockwise in the TE^ mode. 

During propagation, the microwaves are emitted to 
the exterior throu^i the slots 3b, 3b' of the H-planes. 

The microwaves, which have propagated in the 
opposite directions, interfere with each other in the 
waveguides 43 and 44 and may generate standing 
waves to stabilize the radiant intensity of microwaves 
from the slots. 

Thus, according to the microwave applicator of this 
invention, it is possfole to radiate microwaves of a large 
area and a relatively uniform intensity distribution sub- 
stantially in a plane form. 

Here, a microwave applicator of a buittup type, and 
an electromagnetic wav distribution and introducing 
means, and a plasma processing apparatus using the 
samear described below with reference to FIGS. 20 to 
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23. 

In FIG. 20, 1 is a container that forms a plasma gen- 
eration chamber 9; 4 is a dielectric window; 3 is a planar 
slotted murtipl annular waveguid as a microwave sup- 
ply means for supplying microwaves to the plasma gen- s 
eration chamber 9; 57 is a waveguide that introduces 
microwaves into the endless annular waveguide 3; W is 
an article to be processed; 2 is a means for holding the 
article to be processed W; 7 is a processing gas supply 
means; and 8 is an exhaust port 10 

The microwave applicator is a buiftup member of a 
first conductive member 32 with grooves and a second 
conductive member 31 consisting of a flat plate with 
slots 3b and 3b' such as shown in FIG. 21. 

Further, there is provided in the vicinity of the micro- is 
wave introducing ports 54 and 55 a distrfcutor 56 for 
determining the ratio of distribution of microwaves to the 
waveguides 43 and 44. In the apparatus of FIG. 20, the 
electromagnetic wave distrfcution and introducing 
means comprises the waveguide 57 having a branching 20 
passage and a distributor 56 such as an H branching 
device. 

In FIG. 20, the distributor 56 is configured as a con- 
ductor of a triangular section having at least two distrfo- 
uting surfaces. The distributor 56, however, is not limited 25 
to this configuration but may be a plate-Oke member. 

In addition, the cfistrfoutor can be configured to vary 
the distribution ratio. 

Examples of an H branching device having a distri- 
bution mechanism for the waveguides 43 and 44 used in 30 
this invention. Reference numeral 61 shows a device in 
which a plate-like or triangle pole-like movable distribut- 
ing block 56 is provided in the center of a T-shaped 
branch. Reference numeral 62 shows a device in which 
the branching portion of a Y-shaped branch can be 35 
rotatably moved. Reference numeral 63 shows a device 
in which the branching portion of a modffied Y-shaped 
branch can be rotatably moved, and 64 shows a device 
in which the branching portion of a modified Y-shaped 
branch can be extended and shortened The cfistrixitor 40 
56 is applicable as long as it has small reflection in the 
microwave incidence direction and as long as it can 
adjust the ofistrfcution ratio of one to the other at least 
between 0.2 and 0.5, preferably between 0.0 and 0.6. In 
the case of the type in which the distributor 56 can be 45 
extended and shortened, for example, a screw can be 
used and As height can be adjusted by adjusting its 
tightening amount thereby attaining a cfistribution-ratio- 
changeable cfistrftxrtor that can be simply extended and 
shortened. so 

By way of example, FIG. 23 shows the relationship 
between the intensity of microwaves vs. the tilt angle of 
a distributor of a tilt-type in which the movable part can 
be rotated. The distrfoution ratio of this cfistrftxrtor was 
such that when the inner side was assumed to be 1, the ss 
outer sid could be varied between about 0.9 and about 
3.5. Of course, when the distribution ratio is desired to 
be varied, th length or rotational angle of th distribut- 



ing block or th shape of th triangle po! can be 
changed suitably. 

The H branching device having a mechanism for 
adjusting the distribution ratio of electromagnetic waves 
is used not only for a plasma processing apparatus but 
also in other cases in which the distribution ratio of elec- 
tromagnetic waves need not be adjusted. 

On the other hand, the E branching device 10 of the 
annular waveguides 43 and 44 may be omitted 

Trie material of the members forming the H and the 
E branching device and the multiple annular waveguide 
according to this invention described above is the same 
as that of the component members of the single annular 
waveguide described above and may be any conductor 
available. Further, in order to minimize the propagation 
loss of microwaves, metals of a high conductivity, for 
example, Al, Cu. Ag/Cu-plated stainless steel can be 
used as optimally. As to the orientation of the introduc- 
ing ports with regard to the multiple endless annular 
waveguide used in this invention, microwaves may be 
introduced parallel to the H-plane in a tangential direc- 
tion or may be introduced perpendicularly to the H- 
plane, followed by the two-way distrfoution in the vicinity 
of the introducing section to the inner and outer 
waveguides, as long as the orientation attains efficient 
introduction of microwaves into the microwave propaga- 
tion space in the multiple annular waveguida 

The shape of the slots provided in each of the mul- 
tiple annular waveguides used in this invention is the 
same as that of the slots of the single annular 
waveguide described above, and may be any one of a 
rectangle, an ellipse, the character S, a cross, an array, 
and soon, as long as the length thereof in the direction 
perpendicular to the propagation direction of the micro- 
wave is 1/4 or more of the guide wavelength. 

The interval and size of the slots of the multiple 
annular waveguides used in this invention are selected 
and designed as with the single annular waveguide 
descrfced above. 

Although the rectangular cross sections of the 
annular waveguides may have different areas, but it is 
desirable to select waveguides in which the cross sec- 
tions perpendicular to the traveling cSrection of micro- 
waves have the same rectangle section so that 
microwaves of the same mode can be propagated 
therethrough. 

Further, the radiant intensity of microwaves is desir- 
ably adjusted in terms of the arranging density of slots. 

According to the microwave applicator and the 
plasma processing apparatus using the same according 
to the present embodiment by using a multiple annular 
waveguide in which a plurality of annular waveguides of 
different sizes are cx>ncerrtricalry arranged and slots are 
provided in the plane portion thereof, it is possible to 
generate a large-area plasma suitable for the process- 
ing of a large-area articl to be processed such as 
wafers of 300 mm diameter or substrates equivalent to 
such wafers. This makes it possibl to perform process- 
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ing of a higher quality at lower temperatures more uni- 
formly. 

In particular, by providing a plurality of annular 
waveguides in such a way that the H-planes of the 
annular waveguides are coplanar to on another, it is 5 
possible to efficiently generate a high-density, low- 
potential plasma uniformly even under a high pressure 
condition or even when a large-area article is to be proc- 
essed. In addition, such effects can be achieved without 
the use of a magnetic field. 10 

(Sixth plasma processing apparatus) 

A plasma processing apparatus using a multiple 
endless annular waveguide as the microwave supply 15 
means according to this invention is descrbed with ref- 
erence to FIG. 20. 

Reference numeral 1 is a plasma processing cham- 
ber; 4 is a dielectric window that separates the plasma 
processing chamber 1 09 from the atmosphere; 3 is mul- 20 
tiple endless annular waveguides for supplying micro- 
waves to the plasma processing chamber 101; 56 is an 
H branching device having a distribution rate adjust- 
ment mechanism for distributing and introducing micro- 
waves to the multiple endless annular waveguides 3; 43 2s 
and 44 are waveguides that are microwave propagation 
spaces through which microwaves propagate; 3b and 
3b' are slots through which microwaves are supplied to 
the inside of the plasma generation chamber 9 from the 
multiple endless annular waveguides 3; W is an article 30 
to be processed; 2 is a means for holding the article to 
be processed W; 114 is a heater that heats the article to 
be processed W; 7 is a processing gas introducing 
means; and 8 is an exhaust port It is more preferred 
that the gas emission port 7a is directed to the H-place. 35 

The generation of a plasma and the processing are 
carried out as follows. The article to be processed W is 
put on the article holding means 2 and is heated to a 
desired temperature using the heater 114 as required. 
The inside of the plasma generation chamber 9 is evac- 40 
uated via an exhaust system (not shown). 

Subsequently, a plasma processing gas is emitted 
at a predetermined flow rate into the plasma generation 
chamber 9 through the gas emission port 7a. Then, a 
conductance control valve (not shown) provided in the 45 
exhaust system (not shown) is adjusted to maintain the 
inside of the plasma generation chamber 9 at a prede- 
termined pressure. A desired power from a microwave 
power source 6 is introduced into the annular 
waveguides 43 and 44 through the H branching device so 
56 with a distribution rate adjustment mechanism. The 
introduced microwaves are divided into two by the H 
branching device 56 and then propagate through the 
waveguides 43 and 44 as the propagation spaces, 
clockwise and counterclockwise several rounds. 55 

The microwaves, which have been divided into two, 
interfere with each other to strengthen th electric field 
that crosses the slots 3b and 3b* provided at an interval 
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of, for example, 1/2 of the guide wavelength, and are 
then supplied to th plasma generation chamber 9 via 
the slots 3b and 3b* through the cfielectric window 4. The 
electric field of th microwaves supplied to th inside of 
the plasma generation chamber 9 accelerat electrons 
to generate a plasma in the plasma processing cham- 
ber 9. At this time, the processing gas is exerted by the 
high density plasma as generated to process the sur- 
face of the article to be processed W put on the holding 
means 2. 

As the dielectric window 4, one formed of, for exam- 
ple, synthetic quartz and having a cfiameter 299 mm and 
a thickness 12 mm is used. The endless annular 
waveguides 43 and 44 have a 27 mm x 96 mm inner 
wall cross section perpendicular to the traveling direc- 
tion of the microwaves. The central diameter of the inner 
annular waveguide 44 is 152 mm (circumferential 
length: 3 Xg) and the central diameter of the outer annu- 
lar waveguide 43 is 354 mm (circumferential length: 7 
Jig). As the material of the component members 31 and 
32 of the multiple endless annular waveguide, Al as a 
conductor is entirely, in order to suppress the propaga- 
tion loss of microwaves. 

In the component member 31 forming the H-plane 
of the multiple endless annular waveguides 3, are 
formed slots for supplying microwaves to the plasma 
generation chamber 9. The shape of slots is a rectangle 
of 45 mm in length and 4 mm in width and the slots are 
formed radially at an interval of 1/2 of the guide wave- 
length. Although the guide wavelength depends on the 
frequency of microwaves used and the size of the cross 
section erf the waveguide, the use of microwaves of a 
frequency 2.45 GHz and a waveguide of the above 
mentioned size provides a guide wavelength of about 
159 mm. In the multiple endless annular waveguide 3 of 
FIG. 20, 6 slots are formed in the inner waveguide, and 
14 slots are formed in the outer waveguide at an interval 
of about 79.5 mm. To the multiple encfless annular 
waveguide 3, is connected a microwave power source 6 
of a frequency 2.45 GHz additionally provided with a 4E 
tuner, a directional coupler, and an isolator. 

The microwave plasma processing apparatus 
shown in FIG. 20 was used to generate a plasma under 
the conditions of an Ar flow rate of 500 seem, pressures 
of 10 mTorr and 1 Torr, and a microwave power of 1.5 
kW, and the plasma obtained was measured. The 
plasma was measured as follows using a single probe 
method. The voltage applied to the probe was varied 
within a range of -50 V to +100 V, and a current flowing 
through the probe was measured by an l-V measuring 
apparatus. The electron density, the electron tempera- 
ture and the plasma potential were calculated from the 
thus obtained l-V curve by the Langmuir method. As a 
result, the electron density was 1.1 x 10 12 /cm 3 ± 2.7% 
(within a 4» 300 surface) at 10 mTorr and 5.7 x lO^/cm 3 
± 4.2% (within a 4> 300 surface) at 1 Torr, and it was con- 
firmed that a high density, uniform plasma was formed 
in the space of a large diameter.2 
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(Seventh plasma processing apparatus) 

FIG. 24 shows a plasma processing apparatus of a 
system that introduces microwaves into one waveguide 
143 of a multiple annular waveguide in a tangential s 
direction while introducing microwaves into the other 
waveguide 144 toward the distributor 110. 

Reference numeral 101 designates a vacuum con- 
tainer having a plasma generation chamber 109 inside, 
and 102 is a holding means for loading and holding an w 
article to be processed W, which has a heater 114 as 
required. 

Reference numeral 103 is a microwave supply 
means having a plurality of annular waveguides 143 
and 144 as with the example of FIG. 20. The annular 75 
waveguides form a multiple endless annular waveguide 
having slots 103b and 103b' in the H-plane thereof. 

Microwaves from the microwave power source 6 
are introduced into the waveguides 103b' and 103b 
through a tangential introducing port 1 05b and a normal so 
introducing port 105a. The microwaves are radiated to 
the inside of the chamber 109 via the slots 103b and 
1 03b* through the dielectric window 1 04. 

The plasma processing method earned out by this 
apparatus is descrfced below. The article to be proc- ss 
essed W is placed on the holding means 102 and 
heated to a predetermined temperature using the 
heater 114. 

On the other hand, an exhaust system (24, 25, 26) 
is used to exhaust the inside of the container 101 . so 

Subsequently, a gas is introduced into the supply 
means 1 07 from a gas supply system (21 , 22, 23) and is 
then emitted through the gas emission port 107a. ft is 
more preferable that the gas emission port 107a is 
directed to the H-plana Then, the conductance control ss 
valve 26 of the exhaust system (24, 25, 26) is adjusted 
to maintain the inside of the chamber 109 at a predeter- 
mined pressura 

A desired power from a microwave power source 6 
is introduced into the multiple endless annular 40 
waveguides 103. The introduced microwaves are sup- 
plied to the inside of the plasma generation chamber 
1 09 through the dielectric window 1 04 via the slots 1 03b 
and 103b' formed at an interval of 1/2 or 1/4 of the guide 
wavelength. Microwaves that have propagated through 45 
the waveguide one round without being emitted from the 
slots after the tangential introduction interfere with 
newly introduced microwaves to strengthen each other, 
and most of the microwaves are emitted to the inside of 
the plasma generation chamber 109 before they have so 
propagated through the waveguides several rounds. 

The electric field of the microwaves introduced into 
the plasma generation chamber 109 accelerate elec- 
trons to generate a plasma in the plasma generation 
chamber 1 09. At this time, the process gas is excited by ss 
the high density plasma as generated to process the 
surface of the article to be processed W put on the hold- 
ing means 102. 



The shape, size, and material of the dielectric win- 
dow 104 ar the same as those of the dielectric window 
4 of FIG. 20. 

The shape and size of the waveguides 1 43 and 1 44 
and th shape, size, and arrangement density of th 
slots 103b and 103b' are the same as those of the cor- 
responding components in FIG. 20. 

The microwave plasma processing apparatus 
shown in FIG. 24 was used to generate a plasma under 
the conditions of an Ar flow rate of 500 seem, pressures 
of 10 mTorr and 1 Ton*, and a microwave power of 1.5 
kW, and the plasma obtained was measured. The 
plasma was measured as follows using a single probe 
method. The voltage applied to the probe was varied 
within a range of -50 V to +1 00 V, and a current flowing 
through the probe was measured by an l-V measuring 
apparatus. The electron density, the electron tempera- 
ture and the plasma potential were calculated from the 
thus obtained l-V curve by the Langmuir method. 

As a result the electron density was 1 .3 x 10 12 /cm 3 
± 3.3% (within a <t> 300 surface) at 10 mTorr and 62 x 
lO^/bm 3 ± 4.6% (within a * 300 surface) at 1 Torr, and 
it was confirmed that a high density, uniform plasma 
was formed in the space of a large diameter. 

(Eighth plasma processing apparatus) 

The plasma processing apparatus shown in FIG. 25 
is the same as the apparatus shown in FIG. 20 except 
that a bias application mechanism 302 for applying an 
RF bias is added to the holding means 102. 

The generation of a plasma and the processing are 
carried out as follows. The article to be processed W is 
put on the article holding means 102 and is heated to a 
desired temperature using the heater 114. The inside of 
the plasma generation chamber 109 is evacuated via 
the exhaust system (24 to 26). 

Subsequently, a plasma processing gas is emitted 
at a predetermined flow rate into the plasma generation 
chamber 109 via the processing gas emission port 
107a. 

Then, the conductance control valve 26 provided in 
the exhaust system (24, 25, 26) is adjusted to maintain 
the inside of the plasma generation chamber 109 at a 
predetermined pressure. The RF bias application 
means 302 is used to supply an RF power to the holding 
means 102, while a desired power from the microwave 
power source 6 is supplied through the waveguide 57 
toward the H branching device 56 having a distribution 
rate adjustment mechanism. The distributed micro* 
waves propagate through the waveguides 1 43 and 1 44, 
respectively, and are then supplied to the plasma 
processing chamber 109 via the slots 103b and 103b' 
through the dielectric window 104. The electric field of 
the microwaves introduced into the plasma generation 
chamber 1 09 accelerate electrons to general a plasma 
in the plasma processing chamber 109. 

At this time, th process gas is excited by the high 
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density plasma as generated to process the surface of 
thearttcl to be processed W put on the holding means 
102. In addition, th RF bias can be used to control th 
kinetic energy of ions incident to the article to be proc- 
essed. 5 

(Ninth plasma processing apparatus) 

The plasma processing apparatus shown in FIG. 26 
is the same as the apparatus shown in FIG. 25 except 10 
that a cooler 414 as a cooling means is provided. 

The generation of a plasma and the processing are 
carried out as follows. The article to be processed W is 
put on the article to be processed holding means 102 
and is cooled by the cooler 414. The inside of the is 
plasma generation chamber 109 is evacuated via the 
exhaust system (24, 25, 26). 

Subsequently, a plasma processing gas is emitted 
at a predetermined flow rate into the plasma generation 
chamber 109 via the processing gas emission port 20 
107a. 

Then, the conductance control valve 26 provided in 
the exhaust system (24, 25, 26) is adjusted to maintain 
the inside of the plasma generation chamber 109 at a 
predetermined pressure. The RF bias application 2s 
means 302 is used to supply an RF power to the holding 
means 102, while a desired power from the microwave 
power source 6 is supplied to the plasma generation 
chamber 109 through the dielectric window 104 via the 
H branching device 56 with a distribution rate adjust- so 
merit mechanism and the slots 103b and 103b' of the 
multiple endless annular waveguides 103. The electric 
field of the microwaves introduced into the plasma gen- 
eration chamber 109 accelerate electrons to generate a 
plasma in the plasma processing chamber 109. 35 

At this time, the process gas is excited by the high 
density plasma as generated to process the surface of 
the article to be processed W that is put on the holding 
means 102 having the cooler 41 4 and is prevented from 
temperature increase. 40 

In addition, the RF bias can be used to control the 
kinetic energy of ions incident to the article to be proc- 
essed. Furthermore, use of the cooler 41 4 can prevent 
the article from being overheated by ion incidence when 
a high density plasma and a high bias are used. 45 

(Tenth plasma processing apparatus) 

The plasma processing apparatus shown in FIG. 27 
has a microwave applicator 103 with two endless annu- 50 
lar waveguides 43 and 44 concentrically cfisposed as 
with the apparatuses described above. 

The microwave applicator 103 is a buittup member 
of a conductive member 32 with grooves and a planar 
conductive member 31 having slots 1 03b and 1 03b'. ss 

An H branching device 56 is provided in the vicinity 
of a microwave introducing port so that its installation 
angle can be adjusted. 



Microwaves introduced from a waveguide 57 are 
distributed by the H branching device 56 to th inner 
waveguid 44 and the outer waveguide 43 and intro- 
duced. 

In each of the waveguides 43 and 44, the micro- 
waves are distributed by the distributor 110 clockwise 
and counterclockwise and then propagate through the 
endless waveguides 43 and 44 and interfere with each 
other. The microwaves introduced into the waveguides 
43 and 44 are supplied to the inside of a plasma gener- 
ating and processing chamber 109 of a container 101 
from the slots 103b and 103b* through a cfi electric win- 
dow 104. As the microwaves propagate through the 
annular waveguides 43 and 44 two or three rounds, the 
microwaves attenuate such that they can no longer gen- 
erate a plasma 

In the chamber 109 are provided a plurality of gas 
emission ports 107a of a gas supply means 107. 

A gas is emitted toward the dielectric window 104 
from the gas emission ports 107a located at the ends of 
gas emission passages obliquely extending upward. 

Since the plurality of emission ports 107a are pro- 
vided obliquely in the inner wall at the circumference of 
the container 101, the gas is emitted toward the center 
of the chamber 1 09 via a plasma regon P. The structure 
of the gas emission ports 107a can be selected and 
designed as is the case with the embodiments shown in 
FIGS. 1 , 2, 6A and 6B, and 9A and 9B. 

Reference numeral 7P designates a purge gas sup- 
ply means, and an emission port located at the end of a 
gas emission passage obliquely extending upward is 
directed toward the dielectric window 104. The purge 
gas supply means 7P is connected to a supply system 
(27 to 29) for a purge gas such as nitrogen, argon, or 
the like, and the purge gas in a bomb 27 is supplied to 
the inside of me chamber via a valve 28 and a mass flow 
controller 29. 

The process using the apparatus shown in FIG. 27 
is carried out as follows. 

First a holding means 102 is lowered and the con- 
tainer is opened. 

Lift pins 1 02a are elevated and an article to be proc- 
essed W is put on the pins. 

The lift pins 102a are lowered to dispose the article 
to be processed W directly on the holding means 102. 
The holcfing means 102 is elevated and the container is 
dosed. 

A vacuum pump 24 is operated to exhaust the 
inside of the container via an exhaust port 108 to reduce 
the pressure. 

A processing gas is supplied at a predetermined 
flow rate to the inside of the container through a gas 
supply system (21 to 23). Thus, the processing gas is 
emitted from the plurality of gas emission ports 107a 
toward the H-plane with slots. 

A microwave power source 6 is operated to supply 
microwaves to a microwave applicator 103. In this tim , 
the microwaves ar supplied in TE 10 mode, and th 
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power is set at a sufficient value for the microwaves to 
propagate through the waveguides 43 and 44 two or 
thre rounds, for example, 1.0 kW or more. Since the 
value of the power depends on the circumferential 
length of the waveguide, the size of the slots, and so on, 
the above value is not so limitative. 

The microwaves radiated through the slots 103b 
and 1 03b' are supplied to the plasma generation space 
109 in the container 101 via the dielectric window to 
convert the processing gas into plasma. The radicals, 
ions, and electrons of the plasma are used to process 
the article W. 

After processing has been finished, a purge gas is 
introduced to increase the pressure in the container up 
to the atmospheric pressure. 

The holding means 102 is lowered to open the con- 
tainer, and the lift pins 1 02a are elevated to carry out the 
article to be processed W. 

The present microwave plasma processing appara- 
tus and method is specifically described below with ref- 
erence to examples, but this invention is not limited to 
these examples. 

(Example 1) 

The microwave plasma processing apparatus 
shown in FIG. 1 1 was used to carry out ashing of a pho- 
toresist 

The article to be processed W was an 8-inch silicon 
wafer immediately after a layer insulation film exposed 
via a photoresist pattern was etched to form via holes. 
First, the Si wafer was put on the holding means 102, 
and the inside of the plasma generation chamber 109 
was evacuated via the exhaust system (24 to 26) to 
reduce the pressure down to 1 0" 5 Torr. Oxygen gas was 
introduced at a flow rate of 2 slm into the chamber via 
the plasma processing gas supply means 107. Then, 
the conductance valve 26 provided in the exhaust sys- 
tem (24 to 26) was adjusted to maintain the inside of the 
generation chamber 109 at 2 Torr. The microwave 
power source 6 was used to introduce a microwave 
power of 2.45 GHz and 1.5 kW to the planar slotted 
annular waveguide 103 in the TE 10 mode. Thus, micro- 
waves were radiated from the slots 103b to generate a 
plasma in the chamber 1 09. At this time, the oxygen gas 
introduced via the plasma processing gas supply port 
107 was excited, decomposed, and reacted in the 
plasma generation chamber 109 to form ozone, which 
was then transported toward the Si wafer W to oxidize 
th photoresist on the surface of the Si wafer. Thus, the 
oxidized photoresist was vaporized and removed. After 
ashing, the ashing speed and the charge density on the 
surface of the wafer were evaluated. 

The ashing speed obtained was as very high as 8.6 
finvmin ± 8.5%, and the surface charge density was as 
sufficiently low as -1.3 x lO^/cnrr 2 . 



(Example 2) 

The microwave plasma processing apparatus 
shown in FIG. 12 was used to carry out ashing of a pho- 
s toresist. 

The article to be processed W was an 8-inch silicon 
wafer immediately after a layer insulation film exposed 
via a photoresist pattern was etched to form via holes. 
First, the Si wafer was put on the holding means 102, 

w and the inside of the plasma generation chamber 109 
was evacuated via the exhaust system (24 to 26) to 
reduce the pressure down to 10 5 Torr. Oxygen gas was 
introduced at a flow rate of 2 slm into the chamber via 
the plasma processing gas supply means 107. Then, 

is the conductance valve 26 provided in the exhaust sys- 
tem (24 to 26) was adjusted to maintain the inside of the 
generation chamber 109 at 2 Torr. The microwave 
power source 6 was used to introduce a microwave 
power of 2.45 GHz and 1.5 kW to the planar slotted 

20 annular waveguide 1 03 in the tangential direction. Thus, 
microwaves were radiated from the slots 103b to gener- 
ate a plasma in the chamber 109. At this time, the oxy- 
gen gas introduced via the plasma processing gas 
supply port 107 was excited, decomposed, and reacted 

25 in the plasma generation chamber 109 to form ozone, 
which was then transported toward the Si wafer W to 
oxidize the photoresist on the surface of the Si wafer. 
Thus, the oxidized photoresist was vaporized and 
removed. After ashing, the ashing speed and the 

30 charge density on the surface of the wafer were evalu- 
ated. 

The ashing speed obtained was as very high as 8.9 
nm/min ± 9.4%, and the surface charge density was as 
sufficiently low as -1.4 x 10 1 Vcm 2 . 

35 

(Example 3) 

The microwave plasma processing apparatus 
shown in FIG. 11 was used to form a silicon nitride fflm 

40 serving to protect a semiconductor element. 

The article to be processed W was a P-type single 
crystal silicon substrate (face orientation < 100 > ; resis- 
tivity: 1 0 Ocm) with a layer insulation film on which an Al 
wiring pattern of lines and spaces of 0.5 iim in width and 

45 0.5 jim in pitch was formed. First, the silicon substrate 
W was put on the holding means 102, and the inside of 
the plasma generation chamber 109 was then evacu- 
ated via the exhaust system (24 to 26) to reduce the 
pressure down to 10~ 7 Torr. Subsequently, the heater 

so 114 was energized to heat the silicon substrate W to 
300°C, and the substrate was maintained at this tem- 
perature. Nitrogen gas at a flow rate of 600 seem and 
monosilane gas at a flow rate of 200 seem were intro- 
duced into the chamber via the plasma processing gas 

55 supply means 1 07. Then, the conductance valve 26 pro- 
vided in the exhaust system (24 to 26) was adjusted to 
maintain the inside of the chamber at 20 mTorr. Subse- 
quently, the microwave power source 6 was used to 
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introduce a microwave power of 2.45 GHz and 3.0 kW 
into the planar slotted annular waveguide 103 in the 
TM 10 mode. Thus, a plasma was generated in the 
plasma generation chamber 109. At this time, the nitro- 
gen gas introduced via the plasma processing gas sup- 5 
ply port 107 was excited and decomposed in the plasma 
generation chamber 109 to form an active species, 
which was then transported toward the silicon substrate 
W to react with the monosilane gas, thereby forming a 
silicon nitride film in 1 .0 jim thickness on the surface of 70 
the silicon substrate W. After the f 3m has been formed, 
the fflm formation speed and the film quality such as 
stress were evaluated. For the stress, the change in the 
amount of the warpage of the substrate was measured 
before and after the fflm formation using a laser interfer- 75 
ometer Zygo (trade name). 

The formation speed of the silicon nitride fflm 
obtained was very large, 540 nm/min., and with respect 
to the film quality, the stress was 1.1 x 10 9 dyne/cm 2 
(compression), the leak current was 1.2 x lO'^A/cm 2 , 20 
and the dielectric strength was 9 MV/cm, and the film 
was therefore confirmed to be very excellent 

(Example 4) 

25 

The microwave plasma processing apparatus 
shown in FIG. 12 was used to form a silicon oxide and a 
silicon nitride films serving as an anti-reflection f 3m for a 
plastic lens. 

The article to be processed W was a plastic convex so 
lens of a diameter 50 mm. First the lens was put on the 
holding means 102, and the inside of the plasma gener- 
ation chamber 109 was evacuated via the exhaust sys- 
tem (24 to 26) to reduce the pressure down to 10~ 7 Ton. 
Nitrogen gas at a flow rate of 150 seem and monosilane as 
gas at a flow rate of 1 00 seem were introduced into the 
chamber via the plasma processing gas supply means 
107. Then, the conductance valve 26 provided in the 
exhaust system (24 to 26) was adjusted to maintain the 
inside of the chamber at 5 mTorr. Subsequently, the 40 
microwave power source 6 was used to introduce a 
microwave power of 2.45 GHz and 3.0 kW into the pla- 
nar slotted annular waveguide 103 in the tangential 
direction. Thus, the microwaves were radiated through 
the slots to generate a plasma in the chamber 109. At 45 
this time, the nitrogen gas introduced via the plasma 
processing gas supply port 107 was excited and 
decomposed in the chamber to form an active species 
such as nitrogen atoms, which was then transported 
toward the lens W to react with the monosilane gas, so 
thereby forming a silicon nitride film in a 21 nm thick- 
ness on the surface of the lens W. 

Next, oxygen gas at a flow rate of 200 seem and 
monosilane gas at a flow rate of 100 seem were intro- 
duced into the chamber via the plasma processing gas ss 
supply means 1 07. Then, the conductance valve 26 pro- 
vided in the exhaust system (24 to 26) was adjusted to 
maintain th insid of the chamber at 1 mTorr. Subse- 



quently, the microwave power source 6 was used to 
introduce a microwave power of 2.45 GHz and 2.0 kW 
intoth planar slotted annular waveguide 103 in the tan- 
gential direction. Thus, a plasma was generated in the 
plasma generation chamber. At this time, the oxygen 
gas introduced via the plasma processing gas supply 
port 107 was excited and decomposed in the plasma 
generation chamber 1 09 to form an active species such 
as oxygen atoms, which was then transported toward 
the lens W to react with the monosilane gas, thereby 
forming a silicon oxide fim in a 86 nm thickness on the 
surface of the lens W. After the films have been formed, 
the film formation speed and the reflection characteristic 
were evaluated. 

The formation speeds of the silicon nitride and sili- 
con oxide films as obtained were 300 nm/min and 360 
nm/min, respectively, and with respect to the film quality, 
the reflectance at the vicinity of 500 nm was 0.03%, and 
the film was thus confirmed to have very excellent opti- 
cal characteristics. 

(Examples) 

The microwave plasma processing apparatus 
shown in FIG. 13 was used to form a silicon oxide film 
for layer insulation of a semiconductor element 

The article to be processed W was a P-type single 
crystal silicon substrate (face orientation < 100) ; resis- 
tivity: 10 Ocm) having formed on the top portion an Al 
pattern of lines and spaces of 0.5 \im in width and 0.5 
urn in pitch. First, the silicon substrate W was put on the 
holding means 102. The inside of the plasma genera- 
tion chamber 109 was then evacuated via the exhaust 
system (24 to 26) to reduce the pressure down to 10~ 7 
Torr. Subsequently, the heater 114 was energized to 
heat the silicon substrate W to 300°C, and the substrate 
was maintained at this temperature. Oxygen gas at a 
flow rate of 500 seem and monosilane gas at a flow rate 
of 200 seem were introduced into the chamber via the 
plasma processing gas supply means 107. Then, the 
conductance valve 26 provided in the exhaust system 
(24 to 26) was adjusted to maintain the inside of the 
chamber at 30 mTorr. Subsequently, a high-frequency 
power of 13.56 MHz and 300 W was applied to the hold- 
ing means 102, while the microwave power source 6 
was used to introduce a microwave power of 2.45 GHz 
and 2.0 kW into the planar slotted annular waveguide 
103 in the TM 10 mode. Thus, microwaves were radiated 
through the slots to generate a plasma in the plasma 
generation chamber 109. The oxygen gas introduced 
via the plasma processing gas supply port 107 was 
excited and decomposed in the plasma generation 
chamber 109 to form an active species, which was then 
transported toward the silicon substrate W to react with 
the monosilane gas, thereby forming a silicon oxide film 
in a 0.8 um thickness on the surface of th silicon sub- 
strate W. At this time, ion species showed a function of 
being accelerated by the RF bias to be incident to the 
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substrate and to cut the film on th pattern, thereby 
improving th flatness. After processing, the fflm forma- 
tion speed, uniformity, dielectric strength, and step cov- 
erage were evaluated. The step coverage was 
evaluated by observing a cross section of the silicon 5 
oxide film formed on the Al wiring pattern by use of a 
scanning electron microscope (SEM) to check presence 
of voids. 

The formation speed and uniformity of the silicon 
oxide film thus obtained was excellent as being 240 10 
nnVmin ± 2.5%, and with respect to the film quality, the 
dielectric strength was 8.5 MV/cm and no voids were 
found. Therefore, the fflm was confirmed to be excellent 

(Example 6) is 

The microwave plasma processing apparatus 
shown in FIG. 1 4 was used to etch a layer insulation film 
of a semiconductor element. 

The article to be processed W was a P-type single 20 
crystal silicon substrate (face orientation < 100); resis- 
tivity: 10 Ocm) in which a silicon oxide film of 1 urn in 
thickness was formed on an Al pattern having lines and 
spaces of 0.35 pm in width and 0.35 |im in pitch. First, 
the silicon substrate was put on the holding means 102, 25 
and the inside of the plasma generation chamber 109 
was then evacuated via the exhaust system (24 to 26) to 
reduce the pressure down to 1 0" 7 Torr. CF 4 gas at a flow 
rate of 300 seem was introduced into the plasma gener- 
ation chamber via the plasma processing gas supply 30 
means 107. Then, the conductance control valve 26 
provided in the exhaust system (24 to 26) was adjusted 
to maintain the inside of the plasma generation cham- 
ber 109 at 5 mTorr. Subsequently, a high-frequency 
power of 13.56 MHz and 300 W was applied to the hold- as 
ing means 102, while the microwave power source 6 
was used to introduce a microwave power of 2.45 GHz 
and 2.0 kW into the planar slotted annular waveguide 
103 in the TM 10 mode. Thus, microwaves were radiated 
from the slots to generate a plasma in the plasma gen- 40 
eration chamber 109. The CF 4 gas introduced via the 
plasma processing gas supply port 107 was excited and 
decomposed in the plasma generation chamber 109 to 
form an active species, which was then transported 
toward the silicon substrate W, where ions accelerated 45 
by a self bias etched the silicon oxide film. The cooler 
414 prevented the temperature of the substrate from 
increasing above 90° C. After etching, the etch rate, etch 
selectivity, and etched shape were evaluated. The 
etched shape was evaluated by using a scanning elec- so 
tron microscope (SEM) to observe a cross section of the 
etched silicon oxide film. 

The etch rate and the etch selectivity to polysilicon 
were excellent as being 600 nm/min and 20, respec- 
tively, and the etched shape was almost vertical, and ss 
the microloading effect was small. 



(Example 7) 

The microwave plasma processing apparatus 
shown in FIG. 14 was used to etch a polysilicon film for 
a gate electrode of a semiconductor element. 

The article to be processed W was a P-type single 
crystal silicon substrate (surface orientation (100); 
resistivity: 10 Ocm) in which a polysilicon fflm was 
formed at the top portion. First, the silicon substrate was 
put on the holding means 102, and the inside of the 
plasma generation chamber 109 was then evacuated 
via the exhaust system (24 to 26) to reduce the pres- 
sure down to 10~ 7 Torr. CF 4 gas at a flow rate of 300 
seem and oxygen gas at 20 seem were introduced into 
the plasma generation chamber 109 via the plasma 
processing gas supply means 107. Then, the conduct- 
ance control valve 26 provided in the exhaust system 
(24 to 26) was adjusted to maintain the inside of the 
plasma generation chamber 109 at 2 mTorr. Then, a 
high-frequency power of 400 kHz and 300 W was 
applied to the holding means 102, while the microwave 
power source 6 was used to introduce a microwave 
power of 2.45 GHz and 1.5 kW into the planar slotted 
annular waveguide 103 in the TM 10 mode. Thus, micro- 
waves were radiated from the slots to generate a 
plasma in the plasma generation chamber 109. The 
CF 4 and oxygen introduced via the plasma processing 
gas supply port 107 were excited and decomposed in 
the plasma generation chamber 109 to form an active 
species, which was then transported toward the silicon 
substrate W, where ions accelerated by a serf bias 
etched the polysilicon fflm. The cooler 414 prevented 
the temperature of the substrate from increasing above 
80°C. After etching, the etch rate, etch selectivity, and 
etched shape were evaluated. The etched shape was 
evaluated using a scanning electron microscope (SEM) 
to observe a cross section of the etched polysilicon film. 

The etch rate and the etch selectivity to Si0 2 were 
excellent as being 800 nrrvmin and 30, respectively, and 
the etched shape was vertical, and the micro-loading 
effect was small. 

(Example 8) 

The plasma processing apparatus shown in FIG. 15 
was used to carry out ashing of a photoresist using 
plasma as with Example 1. As a result uniform ashing 
could be achieved in a short period of time without resi- 
dues. 

(Example 9) 

The microwave plasma processing apparatus 
shown in FIG. 20 was used to carry out ashing of a pho- 
toresist. 

The articl to be processed W was a silicon wafer 
(300 mm wafer) immediately after an Si0 2 film exposed 
via a photoresist pattern was etched to form via holes. 
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First, the Si wafer was put on the holding means 2, 
and the inside of the chamber was evacuated via the 
exhaust system (not shown) to reduce the pressure 
down to 10.5 T o n '. Oxygen gas was introduced at aflow 
rate of 2 slm into the chamber via the plasma process- 
ing gas supply means 7. 

Then, the conductance control valve (not shown) 
provided in the exhaust system (not shown) was 
adjusted to maintain the inside of the chamber at 2 Torr. 

A 2.45-GHz microwave power source was used to 
supply a power of 2.0 kW to the inside of the chamber 
via the multiple endless annular waveguides 3, using 
the H branching device 56 the distrtoution rate of which 
was adjusted to attain 0.5 (inner side)A).5 (outer side). 

Thus, a plasma was generated in the chamber. At 
this time, the supplied oxygen gas was excited, decom- 
posed, and reacted in the plasma generation chamber 9 
to form ozone, which was then transported toward the 
silicon wafer W to axkfize the photoresist on the wafer. 
The oxidized photoresist was vaporized and removed. 
After ashing, the ashing speed and the charge density 
on the surface of the wafer were evaluated. 

The ashing speed obtained was very large as 8.2 
unVmin ± 7.2%, and the surface charge density was a 
sufficiently low value 1.3 x I0 11 /cm*. 

(Example 10) 

The microwave plasma processing apparatus 
shown in FIG. 24 was used to carry out ashing of a pho- 
toresist 

As the article to be processed W, the same as in 
Example 9 was used. 

First, the Si wafer was put on the holding means 
102, and the inside of the plasma processing chamber 
was evacuated via the exhaust system (24 to 26) to 
reduce the pressure down to 1 0~ 5 Torr. Oxygen gas was 
introduced at a flow rate of 2 slm into the plasma 
processing chamber 109 via the plasma processing gas 
emission port 107a 

Then, the valve 26 provided in the exhaust system 
(24 to 26) was adjusted to maintain the inside of the 
chamber at 2 Torr. A 2.45 GHz microwave power source 
was used to supply a power of 2.0 kW to the inside of 
the plasma processing chamber via the multiple end- 
less annular waveguides 103 in which the distribution 
rate is adjusted to 0.6 (inner side)/0.4 (outer side). Thus, 
a plasma was generated in the plasma processing 
chamber. At this time, the oxygen gas emitted via the 
plasma processing gas emission port 107a was excited, 
decomposed, and reacted in the plasma processing 
chamber to form ozone, which was then transported 
toward the silicon wafer to oxidize the photoresist on the 
silicon wafer W. The oxidized photoresist was vaporized 
and removed. After ashing, the ashing speed and the 
charge density on the surface of th substrat were 
evaluated. 

The ashing speed obtained was very large as 8.6 



lim/min ± 7.8%, and the surface charge density was suf- 
ficiently small as 1.2 x 10 11 /cm* 

(Example 11) 

5 

The microwave plasma processing apparatus 
shown in FIG. 20 was used to form a silicon nitride film 
serving to protect a semiconductor element. 

The article to be processed W was a P-type single 
ro crystal silicon 300 mm wafer (face orientation < 100); 
resistivity: 10 Qcm) with a layer insulation fflm having 
formed an Al of line and space pattern of 0.5 pm in width 
and 0.5 |im in pitch. 

First, the silicon wafer was put on the holding 
is means 102, and the inside of the plasma processing 
chamber was then evacuated via the exhaust system 
(not shown) to reduce the pressure down to 10~ 7 Torr. 
Subsequently, the heater 114 was energized to heat the 
silicon wafer to 300°C, and the substrate was main- 
20 tained at this temperature. Nitrogen gas at a flow rate of 
600 seem and monosilane gas at 200 seem were intro- 
duced into the processing chamber via the plasma 
processing gas emission port 7a. 

Then, the conductance control valve (not shown) 
25 provided in the exhaust system (not shown) was 
adjusted to maintain the inside of the processing cham- 
ber at 20 mTorr. 

Subsequently, a 2.45-GHz microwave power 
source was used to supply a power of 3.0 kW via the 
30 multiple endless annular waveguide 3 in which the dis- 
tribution rate is adjusted to 0.45 (inner side)A).55 (outer 
side). 

Thus, a plasma was generated in the plasma 
processing chamber. At this time, the nitrogen gas intro- 

35 duced via the plasma processing gas emission port 7a 
was excited and decomposed in the plasma processing 
chamber to form an active species, which was then 
transported toward the silicon wafer to react with the 
monosilane gas, thereby forming a silicon nitride fflm of 

ao 1.0 nm in thickness on the surface of the silicon wafer. 
After the film has been formed, the f Om formation speed 
and the film quality such as the stress of the film were 
evaluated. For the stress, the amount of the warpage of 
the substrate was measured before and after the film 

45 formation using the laser interferometer called Zygo 
(trade name). 

The formation speed of the silicon nitride film 
obtained was very large as being 540 nm/rnin, and with 
respect to the film quality, the stress was 1 x 10 9 

so dyne/cm 2 (compression), the leak current was 1.3 x 10" 
^A/cm 2 , and the dielectric strength was 9.7 MV/cm. 
Therefore, this film was confirmed to be very excellent. 

(Example 12) 

55 

The microwave plasma processing apparatus 
shown in FIG. 24 was used to form a silicon oxide and a 
silicon nitride films as an anti-reflection f im for a plastic 
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lens. 

The article to be processed W was a plastic convex 
lens of diameter 50 mm. First, the lens was put on the 
holding means 102, and the inside of the plasma 
processing chamber was evacuated via the exhaust s 
system (24 to 26) to reduce the pressure down to 10~ 7 
Tar. Nitrogen gas at a flow rate of 150 seem and mon- 
osilane gas at 1 00 seem were introduced into the cham- 
ber via the plasma processing gas emission port 107a. 

Then, the valve 26 provided in the exhaust system 10 
(24 to 26) was adjusted to maintain the inside of the 
chamber at 5 mTorr. A 2.45-GHz microwave power 
source 6 was used to supply a power of 3.0 kW to the 
inside of the plasma processing chamber via the multi- 
ple endless annular waveguides 1 03 in which the disbi- 75 
bution rate is adjusted to 0.7 (inner side)A).3 (outer 
side). 

Thus, a plasma was generated in the plasma 
processing chamber. At this time, the nitrogen gas intro- 
duced via the plasma processing gas emission port so 
107a was excited and decomposed in the plasma 
processing chamber to form an active species such as 
nitrogen atoms, which was then transported toward the 
lens to react with the monosilane gas, thereby forming a 
silicon nitride film of 21 nm in thickness on the lens. 25 

Next, oxygen gas at a flow rate of 200 seem and 
monosilane gas at 100 seem were introduced into the 
processing chamber via the plasma processing gas 
emission ports 107. Then, the valve 26 provided in the 
exhaust system (24 to 26) was adjusted to maintain the 30 
inside of the processing chamber at 1 mTorr. The 2.45- 
GHz microwave power source 6 was used to supply a 
power of 2.0 kW to the inside of the plasma generation 
chamber via the multiple endless annular waveguides 
103 in which the distribution rate is adjusted to 0.7 ss 
(inner side)/0.3 (outer side). 

Thus, a plasma was generated in the plasma 
processing chamber. At this time, the oxygen gas intro- 
duced via the plasma processing gas supply port 107a 
was excited and decomposed in the plasma processing 40 
chamber to form an active species such as oxygen 
atoms, which was then transported toward the lens to 
react with the monosilane gas, thereby forming a silicon 
oxide film of 86 nm in thickness on the lens. After the 
films have been formed, the fflm formation speed and 45 
the reflection characteristics were evaluated. 

The formation speeds of the silicon nitride and sili- 
con oxide flms obtained were 320 nnVmin and 380 
nrrvmin, respectively, and with respect to the film quality, 
the reflectance at near 500 nm was 0.25%. Therefore, so 
the film was confirmed to have excellent optical charac- 
teristics. 

(Example 13) 

ss 

The microwave plasma processing apparatus 
shewn in FIG. 25 was used to form a silicon oxide film 
for layer insulation of a semiconductor element. 



The article to be processed W was a 300 mm wafer 
of P-type sing! crystal silicon (face orientation < 100) ; 
resistivity: 1 0 Gem) having formed on the top portion an 
Al pattern (lines and spaces 0.5 um). 

First, the silicon wafer was put on the holding 
means 102. The inside of the plasma processing cham- 
ber was evacuated via the exhaust system (24 to 26) to 
reduce the pressure down to 10~ 7 Torr. Subsequently, 
the heater 1 14 was energized to heat the silicon wafer 
to 300°C, and the substrate was maintained at this tem- 
perature. Oxygen gas at a flow rate of 500 seem and 
monosilane gas at 200 seem were introduced into the 
processing chamber via the plasma processing gas 
emission port 107a. 

Then, the valve 26 provided in the exhaust system 
(24 to 26) was adjusted to maintain the inside of the 
plasma processing chamber at 30 mTorr. Then, a power 
of 300 W was applied to the holding means 102 via the 
high-frequency application means for 13.56 MHz, while 
a 2.45-GHz microwave power source was used to sup- 
ply a power of 2.0 kW to the inside of the plasma 
processing chamber via the multiple endless annular 
waveguides 103 in which the distrfoution rate is 
adjusted to 0.5 (inner side)A).5 (outer side). 

Thus, a plasma was generated in the plasma 
processing chamber. The oxygen gas introduced via the 
plasma processing gas supply port 1 07 was excited and 
decomposed in the plasma processing chamber to form 
an active species, which was then transported toward 
the silicon wafer to react with the monosilane gas, 
thereby forming a silicon oxide film of 0.8 jim in thick- 
ness on the surface of the silicon wafer. 

At this time, ion species was accelerated by the RF 
bias to be incident to the substrate to cut the film on the 
pattern, thereby improving the flatness. After process- 
ing, the film formation speed, uniformity, dielectric 
strength, and step coverage were evaluated. The step 
coverage was evaluated by using a scanning electron 
microscope (SEM) to observe a cross section off the sil- 
icon oxide film formed on the Al wiring pattern to check 
the presence of voids. 

The formation speed and uniformity of the silicon 
oxide film obtained was excellent as 270 nrrvmin ± 
2.3%, and with respect to the film quality, the dielectric 
strength was 9.3 MV/cm and no voids were found. 
Therefore, the film was confirmed to be excellent. 

(Example 14) 

The microwave plasma processing apparatus 
shown in FIG. 26 was used to etch a layer insulation fflm 
of a semiconductor element 

The article to be processed W was a 300 mm wafer 
of P-type single crystal silicon (face orientation ( 100 > ; 
resistivity: 10 Ocm) having formed an SiOg film as an 
layer insulation film on an Al pattern (lines and spaces 
0.35 um). 

First, the silicon wafer was put on the holding 
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means 102, and the inside of th plasma generation 
chamber was then evacuated via th exhaust system 
(24 to 26) to reduce the pressure down to 10~ 7 Torr. CF 4 
was introduced at a flow rate of 300 seem into th 
plasma processing chamber via the plasma processing 5 
gas emission port 107a. Then, th valve 26 provided in 
the exhaust system (24 to 26) was adjusted to maintain 
the inside of the plasma processing chamber at 5 mTorr. 

Then, a power of 300 W was applied to the holding 
means 102 via the high-frequency application means 10 
302 for 13.56 MHz, while the 2.45-GHz microwave 
power source 6 was used to supply a power of 2.0 kW 
to the inside of the plasma processing chamber via the 
multiple endless annular waveguide 103 in which the 
distrftxition rate is adjusted to 0.4 (inner sade)AD.6 (outer is 
side). Thus, a plasma was generated in the plasma 
processing chamber. 

The CF 4 introduced via the plasma processing gas 
emission port 107a was excited and decomposed in the 
plasma processing chamber to form an active species, 20 
which was then transported toward the silicon wafer, 
where ions accelerated by the serf bias etched the sili- 
con oxide fim. The cooler 414 prevented the tempera- 
ture of the substrate from increasing above 90°C. After 
etching, the etch rate, etch selectivity, and etched shape 25 
were evaluated. The etched shape was evaluated by 
using a scanning electron microscope (SEEM) to observe 
a cross section of the etched silicon oxide tarn. 

The etch rate and the etch selectivity to polysilicon 
were excellent as 690 nm/min and 21 , respectively, and 30 
the etched shape was almost vertical, and the micro- 
loading effect was small. 

(Example 15) 

35 

The microwave plasma processing apparatus 
shown in FIG. 26 was used to etch a polysilicon f 9m for 
gate electrodes of a semiconductor element. 

The article to be processed was a 300 mm wafer of 
P-type single crystal silicon (face orientation (100); 40 
resistivity: 10 Ocm) having a polysilicon film formed at 
the top portion. 

First, the silicon wafer was put on the holding 
means 102, and the inside of the plasma processing 
chamber was then evacuated via the exhaust system 45 
(24 to 26) to reduce the pressure down to 10" 7 Torr. CF 4 
gas at a flow rate of 300 seem and oxygen at 20 seem 
were introduced into the plasma processing chamber 
via the plasma processing gas emission port 107a 

Then, the valve 26 provided in the exhaust system so 
(24 to 26) was adjusted to maintain the inside of the 
plasma processing chamber at 2 mTorr. Then, a high- 
frequency power of 400 kHz and 300 W was applied to 
the wafer via the RF bias application means 302, while 
the 2.45-GHz microwave power source 6 was used to ss 
supply a power of 1.5 kW to th inside of the plasma 
processing chamber via the muttipl endless annular 
waveguide 103 in which the distrfcution rate is adjusted 



to 0.45 (inner side)/0.55 (outer side). 

Thus, a plasma was generated in the plasma 
processing chamber. Th CF 4 gas and oxygen intro- 
duced via the plasma processing gas emission port 
107a were excited and decomposed in the plasma 
processing chamber to form an active species, which 
was then transported toward the silicon wafer, where 
ions accelerated by the self bias etched the polysilicon 
film. The cooler 414 prevented the temperature of the 
wafer from increasing above 80°C. 

After etching, the etching rate, etch selectivity, and 
etched shape were evaluated. The etched shape was 
evaluated by using a scanning electron microscope 
(SEM) to observe a cross section of the etched polysili- 
con fim. 

The etch rate and the etch selectivity to SiOg were 
excellent as being 870 nnvmin and 26, respectively, and 
ft is confirmed that the etched shape was vertical, and 
the microloading effect was small. 

(Example 16) 

The apparatus shown in FIG. 27 was used to carry 
out ashing of a photoresist as with Example 9. 

Asa result uniform processing could be carried out 
in a short period of time without residues. 

According to the present invention, since the direc- 
tion of the gas emission port is defined in combination 
with the configuration of the microwave applicator, a uni- 
form, large-diameter, low-temperature plasma can be 
generated even at a relatively high pressure, whereby 
an article of a large area equivalent to a 200 mm wafer 
or more can be processed satisfactorily. 

Further, according to another aspect of the present 
invention, by forming the microwave applicator of a buil- 
tup member having an exchangeable slot plate therein, 
ft is possible to provide a low-cost, highly universal 
microwave applicator. 

In addition, according to yet another aspect of the 
present invention, since a plurality of annular 
waveguides are arranged concentrically such that the 
slotted H-planes thereof are coplanar to each other, it is 
possible to radiate and supply microwaves having a uni- 
form and large-area intensity distrixition. Thus, a large- 
are article to be processed which is equivalent to a 300 
mm wafer or more can be plasma-processed satisfacto- 
rily. 

A plasma processing apparatus is disclosed which 
comprises a container which can be evacuated; a gas 
supply means for supplying a gas to the inside of the 
container; and a microwave supply means for supplying 
microwaves to generate a plasma in the container, the 
plasma being utilized to process an article, wherein the 
microwave supply means is a microwave applicator 
which is provided with an annular waveguide having a 
planar H-plane with a plurality of slots provided apart 
from each other and a rectangular cross section per- 
pendicular to the traveling direction of microwaves and 
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which supplies microwaves to the inside of the container 
through a dielectric window of the container from th 
plurality of slots provided in the planar H-plane, and 
wherein the gas supply means is provided a gas emis- 
sion port through which th gas is emitted toward the 5 
planar H-plane. 

Claims 

1. A microwave applicator having a slot provided in a 10 
plane of an annular waveguide. 

2. The microwave applicator according to claim 1, 
which is provided with an annular waveguide having 

a plane with a plurality of slots provided apart from 75 
each other and a rectangular cross section perpen- 
dicular to the traveling direction of microwaves and 
which supplies microwaves to the outside of the 
annular waveguide from the plurality of slots pro- 
vided in the plane, wherein an assembly comprising 20 
a conductive member having an annular recessed 
portion and a microwave introducing port formed 
therein and a plate-like conductive member having 
the plurality of slots formed therein forms the annu- 
lar waveguide in which the plane with the plurality of 25 
slots forms an H-plane. 

3. The microwave applicator according to claim 2, 
wherein microwaves of TE 10 mode are introduced 
into the annular waveguide. 30 

4. The microwave applicator according to claim 2, 
wherein a microwave distributor is mounted on the 
plate-like conductive member. 

35 

5. The microwave applicator according to claim 2, 
wherein a plurality of the annular waveguides are 
formed of an assembly comprising a conductive 
member in which a plurality of concentrically dis- 
posed annular recessed portions and a plurality of 40 
microwave introducing ports each communicating 
with one of the plurality of recessed portions are 
formed; and a plate-like conductive member in 
which a plurality of slot arrays each comprising the 
plurality of slots are concentrically formed. 45 

6. The microwave applicator according to claim 2, 
wherein a distributor having a movable portion 
capable of varying the distribution ratio of the micro- 
waves is provided in the vicinity of the microwave so 
introducing port 

7. The microwave applicator according to claim 2, 
comprising a plurality of concentrically disposed 
endless annular waveguides having different cir- ss 
cumferential lengths, wher in the planar H-planes 

of the plurality of annular waveguides are coplanar 
to one another, and wherein a plurality of slots ar 



provided in the co-plan . 

8. A plasma processing apparatus comprising a con- 
tainer which can be evacuated; a gas supply means 
for sipplying a gas to the inside of the container; 
and a microwave supply means for supplying micro- 
waves to generate a plasma in the container, the 
plasma being utilized to process an article, wherein 
the microwave supply means is the microwave 
applicator as set forth in claim 1. 

9. The plasma processing apparatus according to 
claim 8, comprising a container which can be evac- 
uated; a gas supply means for supplying a gas to 
the inside of the container; and a microwave suppry 
means for SLpplying microwaves to generate a 
plasma in the container, the plasma being utilized to 
process an article to be processed, wherein the 
microwave suppry means is a microwave applicator 
which is provided with an annular waveguide having 
a planar H-plane with a plurality of slots provided 
apart from each other and a rectangular cross sec- 
tion perpendicular to the traveling direction of 
microwaves and which supplies microwaves to the 
inside of the container through a dielectric window 
of the container from the pluality of slots provided 
in the planar H-plane, and wherein the gas supply 
means is provided a gas emission port through 
which the gas is emitted toward the planar H-plane. 

10. The plasma processing apparatus according to 
claim 9, wherein microwaves of TE 10 mode are 
supplied to the annular waveguide through a rec- 
tangular waveguide connected thereto. 

11. The plasma processing apparatus according to 
claim 9, wherein the annular waveguide is formed 
of an assembly comprising a conductive member in 
which an annular recessed portion and a micro- 
wave introducing port are formed and a plate-like 
conductive member in which a plurality of slots are 
formed. 

12. The plasma processing apparatus according to 
claim 9, wherein a plate-like dielectric window is 
provided adjacent to the planar H-plana 

13^ The plasma processing apparatus according to 
claim 9, which is provided with a holding means for 
holcfing a plate-like article to be processed in paral- 
lel to the planar H-plane. 

14^ The plasma processing apparatus according to 
claim 9, wherein the gas emission port is provided 
in plurality apart from each other so as to surround 
a plasma generation space. 

15. The plasma processing apparatus according to 
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claim 9, wherein the gas emission port communi- 
cates with a gas emission passag formed at an 
angl so as to be inclined with regard to the planar 
H-plana 

5 

16. The plasma processing apparatus according to 
claim 9, wherein the gas emission port is provided 
in plurality in the vicinity of the dielectric window 
such that the gap between the gas emission ports 
and the dielectric window in the direction normal to 10 
the planar H-plane is smaller than the gap between 
the gas emission ports and the article to be proc- 
essed in the direction normal to the planar H-plana 

17. The plasma processing apparatus according to is 
claim 9, wherein the gas emission port is located 
above the to-be-processed surface of the article to 

be processed. 

18. The plasma processing apparatus according to 20 
daim 9, wherein the gas emission port is provided 

in plurality such that the interval via the center 
between a pair of opposed gas emission ports in 
the tirection parallel to the planar H-plane is 
smaller than the diameter or side length of the arti- 2s 
cie to be processed. 

19. The plasma processing apparatus according to 
daim 9, wherein the circumferential length of a ring 
formed by connecting the centers of the annular 30 
waveguide together is an integer multiple of the 
guide wavelength, and wherein the plurality of slots 
are radially formed at an interval of at least 1/2 of 
the guide wavelength along the ring. 

35 

20. The plasma processing apparatus according to 
claim 9, wherein the plurality of slots are perpendic- 
ular to the traveling direction of microwaves, and 
wherein the lengths of the plurality of slots are 
between 1/4 to 3/8 of the guide wavelength. 40 

21. The plasma processing apparatus according to 
claim 9, wherein a microwave introducing port for 
the annular waveguide is provided in the other H- 
plane, and wherein a means is provided at the intro- as 
dudng section, for distributing the microwaves in 
two directions parallel to the H-plane and propagat- 
ing the microwaves in the both directions within the 
annular waveguide. 

so 

22. The plasma processing apparatus according to 
daim 9, wherein a microwave introducing port for 
the annular waveguide is provided in a curved E 
plane. 

55 

23. The plasma processing apparatus according to 
daim 9, comprising means for generating a mag- 
netic field having a magnetic flux density of about 
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3.57 x 1 0' 1 1 (T/Hz) times the frequency of the micro- 
waves, in the vicinity of the plurality of slots. 

24. The plasma processing apparatus according to 
daim 9, wherein a holding means for holding the 
artide to be processed is provided at a position iso- 
lated from a plasma generation space in the con- 
tainer. 

25. The plasma processing apparatus according to 
daim 9, comprising a holding means for holding the 
artide to be processed, having means for applying 
a high-frequency bias. 

26. The plasma processing apparatus according to 
daim 9, wherein the annular waveguide is an end- 
less annular waveguide. 

27. A plasma processing apparatus comprising a con- 
tainer which can be evacuated; a gas supply means 
for supplying a gas to the inside of the container; 
and a microwave supply means for supplying micro- 
waves to generate a plasma in the container, the 
plasma being utilized to process an artide, wherein 
the microwave supply means is the microwave 
applicator as set forth in daim 1. 

28. The plasma processing apparatus according to 
daim 27, comprising a container which can be 
evacuated; a gas supply means for supplying a gas 
to the inside of the container; and a microwave sup- 
ply means for supplying microwaves to generate a 
plasma in the container, the plasma being utilized to 
process an artide, wherein the microwave supply 
means is a microwave applicator which is provided 
concentrically with a plurality of annular 
waveguides each having a planar H-plane with a 
plurality of slots provided apart from each other and 
a rectangular cross section perpendicular to the 
traveling direction of microwaves and which sup- 
plies microwaves to the inside of the container 
through a dielectric window of the container from 
the plurality of slots provided in the planar H-plane 
of each of the plurality of annular waveguides. 

29. The plasma processing apparatus according to 
daim 28, wherein microwaves of TE 10 mode are 
supplied to each of the plurality of annular 
waveguide through a rectangular waveguide con- 
nected thereto. 

30. The plasma processing apparatus according to 
daim 28, wherein the plurality of annular 
waveguides are formed of an assembly comprising 
a conckictive member in which a plurality of annular 
recessed portions and microwave introducing ports 
are formed; and a plate-like conducts member in 
which the plurality of slots are formed. 
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31. The plasma processing apparatus according to 
claim 28. wherein the cfielectric window is of a plate- 
like shape and is provided adjacent to the planar H- 
plana 

5 

32. The plasma processing apparatus according to 
claim 28, comprising a holding means for holding a 
plate-like article to be processed in parallel to the 
planar H-plane. 

10 

33. The plasma processing apparatus according to 
claim 28, wherein a plurality of gas emission ports 
are provided apart from each other so as to sur- 
round a plasma generation space. 

75 

34. The plasma processing apparatus according to 
claim 28, wherein a gas emission port is provided in 
communication with a gas emission passage 
formed at an angle so as to be inclined with regard 

to the planar H-plane. 20 

35. The plasma processing apparatus according to 
claim 28, wherein a plurality of gas emission ports 
are provided in the vicinity of the dielectric window 
such that the gap between the gas emission ports 25 
and the dielectric window in the direction normal to 
the planar H-plane is smaller than the gap between 
the gas emission ports and the article to be proc- 
essed in the direction normal to the planar H-plane. 

30 

36. The plasma processing apparatus according to 
claim 28, wherein a gas emission port is located 
outside and above the to-be-processed surface of 
the article to be processed. 

35 

37. The plasma processing apparatus according to 
claim 28, wherein a plurality of gas emission ports 
are provided such that the interval via the center 
between a pair of opposed gas emission ports in 
the direction parallel to the planar H-plane is larger 40 
than the diameter or side length of the article to be 
processed. 

38. The plasma processing apparatus according to 
claim 37, wherein the diameter or side length of the 45 
article to be processed is smaller than the interval 

via the center between the outer ends of the plural- 
ity of slot of the outermost annular waveguida 

39. The plasma processing apparatus according to so 
claim 28, wherein a microwave introducing port for 
the plurality of annular waveguides is provided with 

an H branch that determines the distribution ratio of 
the microwaves to each waveguide. 

55 

40. The plasma processing apparatus according to 
claim 28, wherein th drcumfererrtial length of a 
ring formed by connecting the centers of each of 
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the annular waveguides together is an integral mul- 
tiple of the guide wavelength, and wherein the slots 
are radially formed at an interval of at least 1/2 of 
the guide wavelength along the ring. 

41. The plasma processing apparatus according to 
claim 28, wherein the length of the slot perpendicu- 
lar to the traveling direction of the microwaves is 
within a range of 1/4 to 3/8 of the guide wavelength. 

42. The plasma processing apparatus according to 
claim 28, wherein a microwave introducing port for 
the annular waveguide is provided in the other H- 
plane, and wherein the introducing section is pro- 
vided with means for distributing the microwaves in 
two directions parallel to the H-plane and propagat- 
ing the microwaves in the both directions within 
each of the annular waveguida 

43^ The plasma processing apparatus according to 
claim 28, comprising means for generating a mag- 
netic field having a magnetic flux density of about 
3.57 x 10" 11 (T/Hz) times the frequency of the micro- 
waves, in the vicinity of the slots. 

44. The plasma processing apparatus according to 
claim 28, comprising a holding means for holding 
the article to be processed at a position isolated 
from the plasma generation space in the container. 

45. The plasma processing apparatus according to 
claim 24, comprising a holding means for holding 
the article to be processed having means for apply- 
ing a high-frequency bias. 

46. The plasma processing apparatus according to 
claim 28, comprising in the vicinity of a microwave 
introducing port, a diaphragm and means for tilting 
the diaphragm. 

47. The plasma processing apparatus according to 
claim 28, comprising in the vicinity of a microwave 
introducing port a diaphragm and means for 
stretching and contracting the diaphragm. 

48. The plasma processing apparatus according to 
claim 28, wherein each of plurality of annular 
waveguides is an endless waveguida 

49. The plasma processing apparatus according to 
claim 9 or 28, wherein microwaves having a power 
sufficient for one or more rounds of propagation 
through the annular waveguide are supplied to the 
annular waveguida 

50. The plasma processing apparatus according to 
claim 9 or 28, wherein the power of the microwaves 
is a power sufficient for two or mor rounds of prop- 
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agation through th annular waveguide. 

51. The plasma processing apparatus according to 
claim 9 or 28, wherein th annular waveguide has 
such a circumferential length as to allow standing s 
waves to be generated therein. 

52. The plasma processing apparatus according to 
claim 9 or 28, wherein the inside of the container is 
kept at a pressure not less than 13.3 Pa and not 10 
more than 1330 Pa during processing. 

53. The plasma processing apparatus according to 
claim 9 or 28, which is an ashing apparatus. 

15 

54. A processing method that applies a surface treat- 
ment to an article to be processed using the plasma 
processing apparatus as set forth in claim 9 or 28. 

55. The processing method according to claim 54, 20 
wherein the surface treatment is ashing, etching, or 
cleaning. 

56. Trie processing method according to claim 54, 
wherein the surface treatment is plasma CVD or 25 
plasma polymerization. 

57. The processing method according to claim 54, 
wherein the surface treatment is oxidation, nitrida- 
tion or fluorination. 30 
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